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SUMMARY 
The United States coal-fired power industry is facing new challenges related to the 
management and treatment of coal combustion residuals (CCRs) and flue gas 
desulfurization (FGD) wastewater due to more stringent regulations on these wastes and 
growing needs for better environmental stewardship. The United State Environmental 
Protection Agency (USEPA) has determined that the wastes generated from the wet FGD 
systems and coal ash-handling systems contribute the largest proportion of contaminant 
loading from coal-fired power plants to the environment. To address these challenges, the 
coal-fired power industry is in urgent need of new strategies for treatment of CCRs and 
wastewater to meet the discharge limits required by new regulations. Among treatment 
options, the zero liquid discharge (ZLD) method by combining concentration of FGD 
wastewater to brine and treatment of the brine with coal fly ash (CFA) through a 
solidification/stabilization (S/S) process has gained significant interests. This ZLD method 
is attractive because it has the potential of treating both wastes (CCRs and FGD 
wastewater) in the same process, eliminating the need for wastewater discharge, and 
maximizing water recycling at the power plants. A limited amount of previous research has 
demonstrated this co-disposal S/S process to be a promising ZLD method for effective 
heavy metal immobilization. However, it was also found that oxidized forms of heavy 
metals, such as selenate (Se(VI)) and chromate (Cr(VI)), remain challenging to treat due 
to their high mobility and require improvement on their immobilization efficiency. 
Furthermore, the impacts of reaction conditions during the S/S process and the mineralogy 
of the S/S solids on the performance of this ZLD method in contaminant immobilization 
 xvi 
need to be better understood in order to optimize this method to achieve the highest 
effectiveness.  
The first part of this thesis investigated the performance of aged, micron-sized zero-
valent iron (ZVI) in treating the simulated and real FGD hot brines for enhanced heavy 
metal removal. The results demonstrated that high temperature and Mg2+ are the dominant 
factors that will enhance ZVI’s reactivity for the removal of selenate, arsenate, cadmium, 
and chromate in brine matrices. At 80°C, almost 100% of arsenate (1 mg/L) and chromate 
(1 mg/L) can be removed in less than 5 minutes using 4.17 g/L of ZVI in simulated brines, 
while selenate (25 mg/L) and cadmium (5 mg/L) can be completely removed within 30 
minutes. Once the ZVI is corroded, the formation of green rust (GR) leads to the removal 
of heavy metals. Mg2+ ions naturally present in FGD brines play an important role in the 
depassivation of aged ZVI. The main contribution of this work is addressing the knowledge 
gap regarding the removal of heavy metals by ZVI in high salt and high temperature 
conditions. This work demonstrates that ZVI is an effective material for removing heavy 
metals in hot FGD brines generated through thermal evaporation at power plants, and the 
ZVI treatment should be considered post evaporation of FGD wastewater. 
The second part of this thesis investigated the S/S process for the co-disposal of FGD 
brine and CFA for heavy metal and chloride immobilization by evaluating the effects of 
different CFAs (bituminous (BCFA) and sub-bituminous (SCFA)) and activating agents 
(Portland cement (PC) and lime), as well as the pretreatment of brines by ZVI on the S/S 
process. The pre-treatment of FGD brine by ZVI enhanced the retainment of heavy metals 
(Se(VI), As(V), Cd(II) and Cr(VI) when BCFA was used but not when SCFA was used, 
primarily because the SCFA S/S solids already performed quite well without ZVI 
 xvii 
pretreatment. The formation of Friedel’s salt was critical in the retainment of heavy metals 
and chloride. S/S solids made with SCFA contained a higher amount of Friedel’s salt 
because SCFA contained a higher content of lime and reactive aluminate than BCFA. With 
the same type of CFA, using lime as the activating agent provided more alkalinity that PC, 
which could further enhance the formation of Friedel’s salt. The main contributions of this 
work include demonstrating the effects of different S/S recipes and identifying the 
importance of Friedel’s salt for the contaminant immobilization. The results of this work 
suggest that optimizing the mineralogy in the S/S solids is a promising approach to enhance 
the performance of the S/S process. 
The third part of this thesis investigated the optimization of mineralogy in co-
disposed FGD brines and BCFA to improve heavy metal and chloride immobilization. The 
results demonstrated that enhancing the formation of Friedel’s salt in the S/S solids greatly 
reduced the leaching of contaminants (Se and chloride). S/S solids made with 10% lime, 
2.5% sodium aluminate, 30-35% of FGD brine and 52.5-57.5% of BCFA (by mass) could 
retain the majority of halides (>50%), selenate (>90%), arsenate (>99%) and chromate 
(>99%) from the brine after nine weeks of long-term leaching tests. In terms of enhancing 
the formation of Friedel’s salt, aluminate addition along with an adequate amount of lime 
was most important. The main contribution of this work is further demonstrating that 
optimizing the mineralogy in the S/S solids could enhance the performance of the S/S 
process in contaminant immobilization. The results of this work also suggest that the 
hydraulic conductivity of the S/S solids could be another important factor for contaminant 
leaching because it could affect the stability of Friedel’s salt under leaching condition. 
 xviii 
Meanwhile, it could also govern the immobilization of halides because the halide 
concentration from the brine exceeds the binding capacity of Friedel’s salt.  
The fourth part of this thesis aimed to better understand the process of Friedel’s salt 
in removing heavy metals by investigating the effects of various anions on the removal of 
selenate and chromate by Friedel’s salt. The results from sorption and desorption tests 
indicated that the uptake of Cr(VI) by Friedel’s salt was more favorable than Se(VI).  
Sulfate and carbonate demonstrated a stronger hindering effect than nitrate and chloride 
for the uptake of both heavy metals by Friedel’s salt. The stability of Friedel’s salt in the 
S/S solids over the long-term leaching conditions was also an important factor that needed 
to be considered. This study also demonstrated that the slow transformation from Friedel’s 
salt to stratlingite is a possibility since the CFA can provide reactive silicate and aluminate 
which are required for this transformation to occur. The main contributions of this work 
include providing more insights into the effects of various anions on the uptake mechanism 
of Friedel’s salt for Se(VI) and Cr(VI), and revealing the transformation from Friedel’s salt 
to stratlingite over the long term.  
 
 1 
CHAPTER 1. INTRODUCTION 
1.1 SCOPE OF THE WORK 
The overall objective of this study was to investigate and optimize the ZLD method 
of co-disposal of FGD brines and CFAs through a S/S process.  The research focused on 
two aspects in achieving high efficiency for the immobilization of heavy metals and halides 
from the FGD brines and CFAs. The first aspect was the utilization of an iron-based 
reduction process as a pretreatment for the FGD brines to enhance removal of heavy metals, 
particularly for heavy metal oxyanions. Then, the treated FGD brines were applied in the 
S/S process with CFAs under different conditions and the overall heavy metal and halide 
immobilization efficiency by the S/S solids was evaluated by different leaching methods. 
The second aspect was the investigation of the mineral phases in the S/S solids formed and 
their roles in heavy metal and halide immobilization, and of potential strategies to enhance 
the formation such mineral phases in the S/S process. To obtain a fundamental 
understanding of the key mineral, Friedel’s salt, in facilitating heavy metal and chloride 
immobilization, pure form of this mineral was synthesized and studied for its mechanisms 
in Se(VI) and Cr(VI) uptake under different conditions. Overall, the results were used to 
identify the optimal approach and conditions for a successful ZLD method that will 
generate S/S solids with minimized leaching potential of heavy metal and halide 
contaminants. 
In the first approach, aged zero valent iron (ZVI) was applied to pretreat the FGD 
brine for heavy metals removal. The chemistry, speed and effectiveness of this 
pretreatment process were evaluated, and the reaction conditions were optimized. The 
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results suggested that aged ZVI was an effective material to remove the heavy metals in 
the hot FGD brine. Once the reaction conditions of this pretreatment process were 
optimized, the pretreated FGD brine was applied in the S/S process to evaluate the impact 
of this pretreatment process by comparing the heavy metal retainment between S/S 
processes with and without the pretreatment of brine by ZVI. The results suggested that 
the ZVI pretreatment of brine enhanced the performance of S/S solids made with BCFA, 
but not with SCFA since the SCFA S/S solids already performed well without the 
pretreatment. Friedel’s salt was identified as the key mineral phase which was responsible 
for the retainment of oxyanion heavy metals as well as halides.  
In the second approach, the mineral formation in the S/S solids made with BCFA, 
especially Friedel’s salt and ettringite, was optimized through adjusting the mixing recipe 
for the generation of S/S solids. The results suggested that the addition of reactive 
aluminate with an adequate amount of lime enhanced the formation of Friedel’s salt, and 
the S/S solids with higher Friedel’s salt formation generally retained more selenate, 
chromate, and halides. Ettringite formation only enhanced the retainment of borate, but not 
the other contaminants being studied. To further understand the role and fate of Friedel’s 
salt in the S/S solids, pure Friedel’s salt was synthesized and its performance on selenate 
and chromate removal was evaluated at different high salt conditions contributed by 
different anions. Slow transformation from Friedel’s salt to stratlingite was also observed 
when Friedel’s salt was exposed to reactive aluminate and silicate for three months, and 
this transformation only enhanced the desorption of selenate on the surface of the Friedel’s 
salt, but not inside the interlayers.  
1.2 OUTLINE OF THESIS 
 3 
This thesis includes a general introduction of the topics, followed by four chapters 
of specific research foci, and the conclusions for the overall work. Chapter 1 provides an 
overview of the FGD wastewater, ZLD approach, ZVI on heavy metal removal, S/S 
process, CFA, and mineralogy of S/S solids.  
Chapter 2 evaluates the performance of aged ZVI on heavy metals removal (Se, As, 
Cd, and Cr) in the FGD brine. The optimized reaction conditions were also applied to treat 
the real FGD brine. The reacted ZVI was also characterized by XRD to determine the 
mechanism for heavy metal removal.  
Chapter 3 evaluates the immobilization of heavy metals by the S/S solids made with 
BCFA or SCFA with PC or lime as the activating agent. The impact of brine pretreatment 
by ZVI on the overall S/S process was also evaluated. Short-term leaching tests (USEPA 
1311 AND 1313) and the long-term leaching test (USEPA 1315) were applied to evaluate 
the leaching of heavy metals from different S/S solids. The mineralogy of S/S solids before 
and after the leaching tests were characterized by XRD and SEM to determine the most 
likely phases for heavy metal immobilization.  
Chapter 4 optimizes the mineralogy of S/S solids made with BCFA through adjusting 
the mixing recipes. The roles of Friedel’s salt and ettringite on the retainment of heavy 
metals and halides were evaluated. The weight percentages of Friedel’s salt and ettringite 
were obtained by quantitative XRD analyses, and they were correlated to the long-term 
leaching trends of heavy metals and halides.  
Chapter 5 evaluates the selenate and chromate removal by Friedel’s salt under the 
impacts of different anions. The slow transformation from Friedel’s salt to stratlingite was 
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observed, and the impact of this transformation on selenate removal was also evaluated. 
XRD was applied to monitor the phase change over time to evaluate the fate of Friedel’s 
salt when exposed to different anions.  
Chapter 6 provides the overall conclusions of this work and recommendations for 
future research directions regarding these topics. 
1.3 BACKGROUND KNOWLEDGE 
1.3.1 FGD Wastewater 
The FGD-purge wastewaters at coal-fired power plants contain significant 
concentrations of heavy metals (e.g. Se, As, Cr, Cd and Hg) and large amounts of salts (e.g. 
Cl-, Ca2+, Mg2+, Na+ and SO4
2-),1 which will contaminate receiving water bodies if 
discharged without proper treatment. Table 1.1 presents the concentration range of all the 
significant elements in the FGD wastewater. At present, the most commonly used FGD 
technology is the wet limestone/lime-gypsum system.2 Limestone (CaCO3) or lime 
(Ca(OH)2) is used as the absorber for SO2 in flue gas. Along with SO2, heavy metals are 
also removed and accumulated in the FGD slurry. In a forced oxidation FGD system, air is 
pumped up through the FGD tower to completely oxidize SO3
2- to SO4
2- which precipitates 
as CaSO4
.2H2O (gypsum), a salable product for wallboard or soil amendment.
3 The forced 
oxidation systems are more common and the USEPA noted that it expected the majority of 
new wet FGD systems constructed at coal plants to be of the forced oxidation type.4 
However, heavy metals including Se and Cr can be oxidized into Se(VI) and Cr(VI) along 
with SO3
2- in these forced oxidation systems. 5 Moreover, FGD wastewater also contains 
significant concentrations of Ca2+ (from the alkaline sorbent) and Cl- (from the coal). Thus, 
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FGD wastewater from forced oxidation FGD systems can be difficult to treat. To reduce 
the amount of toxic metals and other pollutants discharged from coal plants, the USEPA 
released the Steam Electric Power Effluent Limitation Guidelines (ELG) in 2015, which 
set stringent limits on As, Hg, Se and other pollutants’ release to the environment from 
FGD wastewater.6 The revised guidelines set the strict discharge limits for Se (12 µg/L), 
As (8 µg/L) and Hg (356 ng/L) at the maximum 30-day average limits.  However, due to 
the technical difficulty and financial burden to comply with this regulation, implementation 
of the ELG has been postponed for another two years. 
Table 1.1. Concentration range of typical FGD wastewater.7 
Parameter Concentration (mg/L) Parameter Concentration (mg/L) 
TSS 250 – 25,000 Boron 1 - 10 
TDS 15,000 – 35,000 Cadmium 0.05 – 0.1 
pH 4 – 7 Chromium 0.3 – 1.0 
Chloride 10,000 – 25,000 Cobalt 0.1 – 0.8 
COD 200 – 500 Copper 0.2 – 0.8 
Ammonia 20 – 60 Iron 80 – 400 
Nitrate 30 – 120 Mercury 0.01 – 0.8 
Calcium 300 – 5,000 Nickel 2 – 7 
Magnesium 50 – 4,000 Lead 0.5 – 1.5 
Sulfate 3,000 – 5,000 Zinc 0.5 – 1.0 
Fluoride 40 - 100 Manganese 3 – 20 
Aluminum 20 - 200 Selenium 1 – 4 
Arsenic 0.5 – 0.8 Vanadium 2 - 15 
 
1.3.2 Methods for Treating the FGD Wastewater 
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In terms of treating FGD wastewater, traditional technologies include chemical 
precipitation, which could be coupled with either biological treatment or zero-valent iron 
reduction-based treatment. The chemical precipitation process involves multi-stage 
chemical injections to generate hydroxide precipitates, iron co-precipitates and sulfide 
precipitates.8 Advanced Biological Metal Removal (ABMet) designed by General 
Electric’s has demonstrated successful treatment for selenate and nitrate in the FGD 
wastewater. 9-10 However, the biological process will be very sensitive to compositional 
fluctuations of the FGD wastewater, thus making its performance not reliable. Zero valent 
iron (ZVI)-based reduction processes, such as traditional ZVI and Siemens’ Activated Iron 
ProcessTM (AIP), have been shown to remove arsenic, mercury, and selenium (including 
selenate) to low levels.11-17 However, one of the major drawbacks of the ZVI process is 
that the ZVI surface becomes corroded with passive iron oxide layers when in contact with 
wastewater.15-17 These layers can decrease the reactivity of the ZVI toward target 
contaminants by limiting the flow of electrons from the ZVI to target contaminants under 
the iron oxide.15-17 
The ZLD options have gained significant interests from the coal-fired power industry 
because of the elimination of environmental wastewater discharge and water reuse 
maximization in power plants.18 Potential ZLD technologies for FGD wastewater include 
traditional falling film evaporators/crystallizers, wastewater spray dryers, brine 
concentrators, and advanced membrane processes. At coal-fired power plants, thermal 
evaporation related technology could be the most convenient method to concentrate the 
FGD wastewater. Both Duke Energy’s Mayo Plant near Roxboro, North Carolina and the 
Public Service of New Hampshire’s Merrimac Station installed thermal evaporation 
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systems in ZLD strategies to treat FGD wastewater.  The hot brine generated will contain 
significant amounts of heavy metals and high concentrations of salts. To our knowledge, 
the method regarding the heavy metal removal in hot brine conditions is still very rare in 
the field.  
1.3.3 ZVI on Heavy Metals Removal 
Heavy metals: Within the scope of this study, selenium, chromium, arsenic and 
cadmium were chosen as the targets of interest. Among all the heavy metals within the 
FGD wastewater, Se(VI) as in selenate is likely the most challenging heavy metal to be 
immobilized due to its complex redox chemistry and high mobility.19-22 The United States 
Environmental Protection Agency (USEPA) has set a maximum contaminant level (MCL) 
of selenium at 50 ppb for drinking water. Se(IV) as in selenite can be immobilized more 
easily than Se(VI). However, it remains challenging to reduce selenate to selenite 
effectively in the complex FGD wastewater brine. While bioremediation methods have 
been applied to remove some selenium contaminated water using selenium reducing 
bacteria,9, 23 the very high chloride and TDS concentrations in concentrated FGD brines 
will likely seriously inhibit the biological process. Chromium, particularly in the form of 
Cr(VI) as in chromate, is highly soluble and thus poses a larger threat to human health.24 
The USEPA regulated the MCL of chromium at 100 ppb in drinking water. Compared to 
the much less soluble Cr(III), Cr(VI) as in chromate is more soluble and thus brings a larger 
threat to human health. The removal of Cr(VI) can be achieved by reduction to Cr(III) 
followed by precipitation.25-26 Arsenic is recognized as a highly toxic heavy metal with a 
regulated MCL of 10 ppb in drinking water. As(III) is more toxic than As(V) because 
As(III) can be transported into the cell by binding to specific proteins.27 Due to arsenic’s 
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high toxicity and accidents worldwide, a wide range of treatment methods have been 
developed including adsorption, oxidation, precipitation, coagulation and membrane 
separation.28 Cadmium is also a toxic heavy metal with a regulated MCL of 5 ppb in 
drinking water.29 Cd(II) could be removed from aqueous phase through various ways 
including precipitation, ion exchange, adsorption and solvent extraction.30 
ZVI: ZVI has been shown to effectively remove a variety of contaminants such as 
selenate, chromate, nitrate, phosphate and chlorinated hydrocarbons.19-22, 24, 31-38 ZVI is a 
moderately strong reducing agent which is readily available, non-toxic and inexpensive.35 
Although its reactivity on heavy metal removal has been well studied by many researchers, 
to our knowledge, it has not been tested in concentrated FGD wastewater brine. Huang et 
al. has conducted a successful field study using their hybrid ZVI system to immobilize 
heavy metals and nitrate in FGD wastewater;21-22 however, the chemistry between FGD 
wastewater and its concentrated brines is expected to be quite different due to the 
significantly higher concentrations of salts and other components in the brines. Therefore, 
evaluating the effectiveness of ZVI on heavy metal removal in real FGD wastewater brine 
is an important study when associated with the development of ZLD method. 
The reactivity of ZVI on heavy metals removal is owing to its corrosion intermediates 
containing Fe(+II)-Fe(+III) hydroxyl salts which are known as green rust (GR).35, 39-41 
Green rusts are layered double hydroxides (LDH) composed of positively charged 
octahedral layers of Fe(+II) and Fe(+III) hydroxides with interlayers containing water 
molecules and anions.42-44  GRs with planar anions (e.g., Cl-, Br-, and CO3
2-) are classified 
as Type 1 (GR-1), and those with tetrahedral anions (e.g., SO4
2- and SeO4
2-) are classified 




-2, where A represents the anion.41-43  
Green rusts have been reported for their capability of reducing a variety of contaminants 
including selenite,41, 43-47 chromate,26, 48-51 nitrate,52-53 and chlorinated hydrocarbons.54-56 
Further oxidation of GR will lead to goethite (a-FeOOH), lepidocrocite (γ-FeOOH), 
maghemite (γ-Fe2O3), or magnetite (Fe3O4), depending on the pH, rate of oxidation and 
dehydration of GR.45   
The electrochemical corrosion of ZVI can be affected by various factors such as 
temperature, pH, mixing, ZVI size, ionic strength, different levels of various anions and 
the coexistence of other heavy metals.32, 35-38, 57-60 Lower starting pH promotes the corrosion 
of ZVI and helps the formation and release of Fe(II), which later involves in the formation 
of Fe(+II)-Fe(+III) hydroxyl layer that gives rise to the reactivity of ZVI.32, 36 Different 
levels of various anions and metal ions could affect the composition of active layer around 
ZVI, which directly affects the reactivity of ZVI on contaminant removal.35-36 In term of 
size of ZVI, nano-sized ZVI (nZVI) has the advantage over micron-sized ZVI (mZVI) 
because nZVI has larger reactive surface area, therefore leading to a faster remediation of 
contaminates.60 At high temperatures, ZVI-based material is found to be more reactive in 
removing chromium, arsenic, and nitrate.38, 61-62 This enhanced performance might be 
attributed to the enhanced diffusion of metal ions and enhanced formation of active sites.63-
64 
The mechanism of contaminant removal by ZVI in aqueous systems has been studied 
by various researchers.24, 32, 35-36, 65-67 However, most of the studies were focused on one or 
a few contaminants in a fairly “clean” aqueous system compared to in a more complex 
FGD brine. Also, most studies were done under anoxic condition, especially for nZVI 
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because a passive iron oxide layer can easily form when the particles are exposed to air. It 
is well known that once the passive layer is formed, the reactivity of ZVI will be hindered 
unless the passive layer is destructed. 
Removal of Se(VI) by ZVI: Zhang et al. studied the effect of different anions on the 
selenate removal by ZVI. 35 They observed the formation of GR-1 in the chloride solution, 
and GR-2 in the sulfate solution.  The composition of GR-1 with chloride was shown as 
[Fe(+II)3Fe(+III)(OH)8Cl],




-2.39 Both GR-1 and GR-2 were shown to remove 
selenate very effectively.41, 44-46 Under anoxic condition, selenate can be reduced to 
elemental selenium inside the GR interlayer. Even under oxic condition, Refait et al. 
showed that the reduction from selenate to selenite was still thermodynamically possible 
in the presence of dissolved oxygen.41 The removal of selenate by GR can both be described 
as a two-step process.  The first step involves the uptake of selenate by iron (hydr)oxide 
through the interlayer anions exchange. Schellenger and Larese-Casanova observed a faster 
selenate uptake rate by GR-Cl than that by GR-SO4.
44 The second step involves the 
reduction of Se(+VI) to its lower oxidation states.  The rate of reduction will be dependent 
on structural Fe(+II) abundance, which relates to pH and the amount of oxidant in the 
solution. 35, 41, 44 
Removal of Cr(VI) by ZVI: Li et al. showed that nano ZVI particles can effectively 
remove chromium by reduction and immobilization; Cr(VI) was rapidly reduced to Cr(III) 
which was then immobilized on iron oxide layers on ZVI nano particles. 24  Similar to 
selenate, chromate is also reported to have a faster reduction rate with GR-Cl than GR-
SO4.
49 Chromium incorporated iron oxyhydroxide layer will form a Cr-Fe hydroxide 
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represented by a formula of Cr0.67Fe0.33(OH)3 or  Cr0.67Fe0.33OOH.
24 Chromate is 
thermodynamically more easily reduced than selenate according to their reduction 
potentials.  This means that reductants such as GR capable of reducing selenate are 
expected to reduce chromate readily.  
Removal of As(V) by ZVI: Kanel et al. studied the removal of arsenate in 
groundwater by nZVI and showed that As(V) could rapidly adsorbed to the nZVI surfaces 
by forming an inner-sphere surface complexation. Reduction from As(V) to As(III) could 
also happen by at a slow rate (25% reduction over 90 days). 68 Like other oxyanions, As(V) 
can be also easily reduced by various types of GRs.69-71 
Removal of Cd(II) by ZVI: Li et al. studied the metal cation sequestration by nZVI 
and showed that Cd(II) can be immobilized at the nZVI surfaces by both adsorption and 
reduction to elemental Cd.72 The same mechanism was also proposed by other studies,73-74 
but the formation of GR was not mentioned or observed. Although removal of Cd(II) by 
GR is not well reported in the literature, O’Loughlin et al. studied the reduction of several 
transition metal cations, including Ag(I), Au(III), Cu(II), and Hg(II) by GR, and showed 
that all these metal cations could be reduced to their zero-valent state.75 Therefore, Cd(II) 
could be also immobilized by GR. 
1.3.4 Solidification and Stabilization (S/S) with CFA 
S/S: The S/S process includes the mixing of wastes (liquids, sludges, or solid waste) 
with Portland cement, Portland cement/coal fly ash, or coal fly ash/lime.76-85 The USEPA 
regards S/S to be an established treatment technology for more than 57 wastes.86-87 S/S has 
been shown by many studies to be a viable treatment process for many heavy metal bearing 
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solid wastes.76-77, 80, 82-96  S/S consists of two processes: solidification (producing a solid 
product with improved physical properties) and stabilization (process of converting a 
contaminant of concern to its less mobile and less toxic forms).76 
Fly ash has successfully replaced a portion of Portland cement in several S/S mixture 
applications.80, 84-85, 90-92, 97-103  The combination of Portland cement and coal fly ash appear 
to optimize the S/S process.  Portland cement/coal fly ash S/S mixtures trap metals into the 
matrix better than purely pozzolanic processes involving lime.104  Replacement of a portion 
of Portland cement with fly ash has been shown to enhance S/S mixtures versus pure 
Portland cement mixes by forming a less permeable solid.76, 104-105 Coal fly ash has been 
utilized in S/S mixtures to immobilize numerous waste streams which include significant 
concentrations of heavy metals typically found in fly ash including arsenic, mercury, 
selenium, cadmium, and chromium.82, 85, 91-92, 96, 106-107 
Effect of CFA: The properties of CFA are highly influenced by the type of fuel (coal) 
and the combustion conditions.108 In 2017, 774.6 million tons of coal was produced in the 
U.S., and approximately 45.6% of the coal produces BCFA and 45.4% produces SCFA, 
and about 92.8% of the total coal use was for energy production.109 The most significant 
difference between these two CFAs is the higher CaO content in SCFA. SCFA with CaO 
contents >20% can be classified as cementitious materials.110 Once mixed with water, the 
resulting slurry will be cured over time through pozzolanic reactions to generate the S/S 
solids. The properties of CFA will influence the performance of the S/S process for heavy 
metal immobilization. Our previous study18 demonstrated that S/S solids using SCFA 
resulted in better retainment of Se(VI) than using BCFA due to higher formation of 
Friedel’s salt, which is denoted as AFm phase and belongs to the family of layered double 
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hydroxides (LDHs). Friedel’s salt is capable of binding heavy metal oxyanions 111-113 and 
chlorides.114-116 The previous results that S/S solids using BCFA generated a negligible 
amount of Friedel’s salt, which could be due to the lack of reactive aluminate in BCFA.18 
Meanwhile, the previous study also used PC as the activating agent with BCFA in the S/S 
process, which probably provided limited alkalinity for dissolving the glassy phases in 
BCFA. Alternatively, S/S processes using stronger activating agents such as hydrated lime 
or quick lime (i.e. Ca(OH)2 and CaO) can provide more alkalinity for the pozzolanic 
reaction to proceed, which may facilitate the S/S in Friedel’s salt formation and leach less 
heavy metals and chloride.82, 107, 117-120 While BCFA is less effective than SCFA for SeVI 
immobilization, unfortunately power plants that burn bituminous coal have more difficult 
FGD wastewater problems than sub-bituminous coal plants. Because bituminous coal 
contains higher sulfur content than sub-bituminous coal, bituminous FGD systems generate 
larger volume of wastewater with more concentrated salts and heavy metals.121 
Proposed S/S process: The proposed S/S process of this work is shown in Figure 
1.1. The FGD wastewater, named FGD blowdown, is concentrated into its brine form 
through thermal evaporator. The brine generated, with or without ZVI pretreatment, will 
be mixed with CFA (bituminous or subbituminous) and activating agent (PC or lime). 
Additional additives which could enhance the formation of certain mineral phases could 
be also added. The mixed slurry normally exhibits as a paste which can be pumped out of 
the mixer for curing, or directly sent to landfill.  
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Figure 1.1. Proposed S/S process in this work 
1.3.5 Mineral Phases for Heavy Metals/Halides Immobilization in S/S Solids 
The three most important phases for heavy metal immobilization in S/S solids are 
monophase (Ca2(Al,Fe)(OH)6).X·xH2O), ettringite (Ca6Al2(OH)12(SO4)3⋅26H2O), and 
calcium silicate hydrate (C-S-H).81 C-S-H is the major hydration product of cement, with 
a Ca:Si ratio of 1.5-1.7.122 It contains large micropores and specific surface area due to its 
highly disordered layered structure, thus has a strong potential for sorption.123 Its calcium-
rich surface could adsorb various anions. At Ca:Si ratios less than 1.2, the surface becomes 
negatively charged and thus prefers the adsorption of cations. Calcium (sulfo)aluminate 
hydrates (ettringite and monophase), which are about 10-20% of the total hydrated 
cement,122 are also capable of adsorbing heavy metal cations, but it is quantitatively 
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unimportant compared to the cation immobilization by C-S-H and hydroxide precipitation 
in a cement system,124 However, their capability of adsorbing anions by anion exchange 
makes them the important components for anionic contaminant removal.123 Ettringite (an 
AFt phase) and monophase (an AFm phase), differ significantly in structure.122 Ettringite 
has a column-like structure with interchannels containing anions and water molecules. 
Monophase has a lamellar structure of hexagonal plates, with interlayers containing anion 
and water molecules.122 AFm-Cl is known as Friedel’s salt.125 Ettringite could be also 
transformed into its monophase as monosulfate (3CaO·CaSO4·12H2O) when sulfate is 
limited. Sulfate substituted ettringite and monophase by anions such as selenite, selenate, 
arsenate, and chromate have been reported.124 The sorption of Se(VI) to AFm-SO4, AFt-
SO4, and C-S-H was studied by Baur and Johnson through mineral synthesis and contact 
with Se(VI) in aqueous solution.113 There was little sorption to C-S-H and weak sorption 
to AFt-SO4 (Rd = 0.03), but strong sorption of Se(VI) to AFm-SO4 (Rd = 2.06), indicating 
that cement rich in AFm-SO4 would significantly immobilize Se(VI).
113 Through X-ray 
diffraction (XRD) analysis, the authors determined that Se(VI) sorption increased the 
Ca2[Al(OH)6]
+ layer spacing due to SeO4
2- replacing for SO4
2- as the primary mechanism 
of Se(VI) immobilization.113 Another study by Wu et al. demonstrated that AFm-Cl 
effectively and rapidly removed Se(VI) from aqueous solutions through SeO4
2- exchanging 
for Cl- in the interlayers.126 In general, AFm phases have shown significant affinity for 
immobilizing oxyanions, such as Se(VI), As(V) and Cr(VI), through anion exchange.125-
128  
Besides metal removal, AFm-Cl formation in S/S has been proposed to bind Cl- in 
high salt waste.129-131 Lampris et al. attempted to S/S municipal solid waste incineration 
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(MSWI) fly ash with Cl- content of 130,000−220,000 ppm using PC with the aim to 
immobilize Cl- through AFm-Cl formation.130 In 72-day tank leaching tests, the authors 
observed Cl- releases at 40-50% even with PC addition up to 50%.130 In contrast, AFt 
phases have the ability to bind SO4
2-, but not Cl-.131 
1.3.6 Environmental Risk of Bromide and Its Potential Removal by AFm phases 
The recently finalized EPA regulations (e.g., Mercury and Air Toxics Standards, 
MATS) for coal-fired power plants regarding air emissions have resulted in more 
technologies being applied for air pollution control. For mercury control, the most common 
strategy is injecting bromide salts on the coal. The mercury in the coal will be present in 
three forms after combustion: particulate-bound mercury, elemental mercury (Hg0), and 
oxidized mercury (Hg2+).132 While particulate-bound and oxidized mercury can be 
removed by electrostatic precipitation or cleaned up by the FGD system, respectively, 
elemental mercury is not water soluble and highly volatile and thus is difficult to be 
removed. By adding bromide salts into the coal combustion unit, bromide will be oxidized 
to bromine, which will oxidize the elemental mercury into HgBr2 - a more water-soluble 
chemical that can be easily removed by the FGD system.132 
Mercury ended up in the FGD wastewater will need to be further treated, whereas 
bromide is not regulated and commonly discharged into the environment. Therefore, it may 
be reasonable to expect that the bromide concentration in the downstream waterbodies may 
increase over time as more FGD systems and bromide-based mercury control measures are 
applied across coal-fired power plants to meet the EPA regulations. This elevated bromide 
concentration has the potential to increase the formation of brominated disinfection 
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byproducts (DBPs) at water treatment plants impacted by bromide discharge from 
upstream coal-fired power plants.  The bromide present in the water can be readily oxidized 
to free bromine (HOBr) by free chlorine during water treatment processes, and the free 
bromine can react will organic precursors in water to generate brominated DBPs. 
The brominated DBPs are of greater concerns than the chlorinated DBPs due to three 
reasons. First, the brominated DBPs pose greater health risks than chlorinated DBPs.133-134 
Second, the regulatory limits for total trihalomethane (TTHM) (< 80 µg/L) and total 
haloacetic acids (HAA5) (< 60 µg/L) set by the drinking water standards are mass-based. 
Therefore, for the same molar concentration of precursors, brominated DBPs will have a 
higher mass concentration than chlorinated DBPs because bromine has a higher atomic 
weight than chlorine. Third, free bromine is more reactive than free chlorine; so more DBPs 
will be produced with same molar concentration of precursors. Due to these three reasons, 
it is important for upstream coal-fired power plants to consider bromide control measures 
if there are water treatment utilities at downstream.132 
Our S/S process has demonstrated that chloride can be well retained by the solids 
made from sub-bituminous coal ash and FGD brines. Since Friedel’s salt can uptake 
chloride, it is likely to uptake bromide also due to similar charge and properties of these 
two halides. So far, no literature could be found on bromide immobilization through S/S 
using coal ash.  Therefore, it will add important new knowledge for the industry if the 
retainment of bromide can be evaluated as well with chloride in the optimization of the S/S 
process.  
1.3.7 Boron from CCRs and the Role of Ettringite on Boron Removal 
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Ettringite has been demonstrated to immobilize borate more efficiently than other 
contaminants. Although boron is not currently regulated in ELG or drinking water 
standards and has shown limited adverse effect on humans, it is harmful for humans to take 
over a long time.135 Boron leached from coal combustion residues (CCRs) is one of the 
major sources of boron in the environment. Several studies have demonstrated that the 
“δ11B” value can be used as a tracer for CCRs contaminated waterbodies.136-138 The δ11B 
value is defined as the fractional difference between 11B and 10B in the unit of parts per 
thousand.136 A negative δ11B value indicates that the sample is rich in 10B or light boron. 
Williams and Hervig 138 measured boron isotopic ratios of different coals in the U.S. and 
found a wide range of negative δ11B values (−70‰ to −1‰), indicating that the boron in 
coal is 10B-enriched. This negative δ11B signature is contrast with other waterbodies which 
have positive δ11B values: meteoric boron (10−40‰), domestic wastewater (0−10‰), 
seawater (39‰), and saltwater intrusion and brines (>39‰). Davidson and Bassett 136 
demonstrated the potential of using boron isotopes to identify the contamination of 
groundwater by fly ash leachate. The author states that boron is not involved in redox 
reactions at earth surface conditions, so isotopic ratio results are generally more easily 
interpreted. Ruhl et al. recently reported the boron isotopic ratios of leaching experiments 
on CCRs from various coal sources.137 The resulting leachate had mostly negative δ11B 
value from -17.6‰ to 6.3‰. The author also measured the boron isotopic ratios of water 
samples collected from ash-spill contaminated waterbodies, and the result has a distinctive 
negative δ11B signature relative to the background waters. These results indicate that δ11B 
value could be used as a CCR tracer.  
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Fate of boron from coal combustion: Coal combustion at high temperatures 
volatilizes most of the elements associated with the organic phases (including boron) and 
volatilizes elements associated with silicate phases in coal. The boron behavior during coal 
combustion is consider as a two-step process: volatilization and heterogeneous 
condensation.135 During combustion, most boron compounds are volatilized to the gaseous 
phase. Some volatilized boron compounds are enriched into the clinker and coal fly ash, 
while the remaining boron will be completely absorbed by the wet FGD system since most 
boron compounds are water soluble. Noda et al.135 recently studied the volatilization 
characteristics of boron compounds during coal combustion. The results from chemical 
equilibrium calculations and XAFS analysis suggest that the boron compound contained in 
the ash is mainly B2O3. Analysis of CCR indicates that there is no isotopic fractionation 
associated with the coal combustion process, and CCRs retain the δ11B-depleted signature 
measured in the coal.138-139 Therefore, it is assumed that δ11B value in coal and CCR 
remains the same. Boron is associated with the easily leachable fraction of elements that 
adsorbed onto the fly ash particles during cooling of exhaust gas.140 Since there is no 
species-specific preferential leaching to water, no isotopic fractionation is expected during 
the leaching of boron from CCRs and thus the boron isotopic imprints of contaminated 
water would mimic the CCR composition.137  
Leaching and intake of boron from coal ash: Boron is very often associated with 
smallest particles in the ash, accumulated on the water-soluble fraction of the particle 
surface, and therefore has very high leaching rate.141-143 Cox et al. reported the leaching of 
boron (as borate or boric acid) from bottom ash and fly ash.144 The boron content in fly ash 
was found as high as 1900 ppm and more than 50% was leachable into the water. However, 
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the boron content in bottom ash was 960 ppm and it was almost insoluble. Treating the fly 
ash for 30 min at 1200 oC reduce the leachable boron to 6%. The result indicates that boron 
is initially in two independent chemical states, one of which is insoluble, likely in the form 
of polyborate or borosilicate. 
Jankowski at al. studied the mobility of As, B, Mo and Se from selected Australian 
fly ashes.140 Long-term (144 h) batch leaching tests were performed using two acidic and 
two alkaline fly ashes and leaching solution with initial pH of 4, 7, and 10. The results 
suggest that boron has the highest relative mobility of all four elements, and decrease of B, 
As and Se in leaching solution in contact of alkaline coal fly ash could attribute to the 
formation of ettringite. At high pH values, boron can co-precipitate with CaCO3.
145-146 
There are also several studies that reported the formation of borate substituted ettringite.147-
149 
1.3.8 Factors Affecting the Mineralogy of S/S Solids 
Effect of pH: The pH domain for the stability of various AFm and AFt phase have 
been reported.150-154 In general, both phases are less stable when the pH is lower than 11 or 
higher than 13. At lower pH, Ca(OH)2 in the framework tends to disolve, while at higher  
pH, Al(OH)3 in the framework tends to dissolved. Clark and Brown stated that a high 
alkaline hydration solution promoted the formation of AFm phase over AFt phase.150-151 
The effects of pH on oxyanions substituted AFt and AFm phases have also been reported. 
Baur and Johnson reported that SeO4
2--substituted AFm phase was stable at pH >12.152 
Perkins and Palmer reported that during the synthesis of CrO4
2--substituted ettringite, 
CrO4
2--substituted monophase was also formed at pH 12; however, at pH >12.5, 
 21 
monophase was the only form. They also reported that the stability domain of monophase 
could be lowered to pH 11 when there was excess free calcium in the system, which favored 
the formation of monophase.153-154 These findings show that pH is an important factor on 
mineralogy of S/S solids, not only during the curing stage but also the exposure 
environment. The pH of the S/S mixture can be purposely increased to enhance the 
monophase formation. However, carbonation, acid rain and other factors in the 
environment could drop the pH of S/S solids and should be taken into consideration.  
Effect of temperature: Temperature plays an important role in the early stage of 
S/S process. Damidot and Glasser studied the thermodynamics of CaO–Al2O3–CaSO4–
H2O system at different temperatures.
155 At <50ºC, the stability diagram shows that 
ettringite is favored over the monophase, with monophase covering only a small area. At 
85 ºC, the monophase becomes more stable compared to that at 50 ºC, although ettringite 
is still favored if the sulfate concentration is high. Clark and Brown studied the formation 
of calcium sulfoaluminate at different temperatures (30–90 ºC) and different sulfate-to-
aluminate ratios (3:1 and 1:1).150-151 When the sulfate-to-aluminate ratio is 3:1, ettringite is 
the only phase formed at different temperatures. When the ratio becomes 1:1, increasing 
temperature enhances the formation of monophase.  
Effect of competing ions: Competing ionic species in the S/S system is also an 
important factor to be considered, especially for waste containing heavy metals, like FGD 
wastewater brine. Not only anions exchange could occur during and after the formation of 
ettringite and monophase, cationic exchange could also occur. Zhang and Reardon studied 
the uptake of B, Cr, Mo and Se by ettringite and OH--substituted hydrocalumite 
(monophase).149 They found that the anion uptake rate by monophase is higher than 
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2-, while hydrocalumite shows an opposite trend. McCarthy also reported that, 
through the synthesis of borate- and selenate-substituted ettringite, >95% of the borate and 
selenate could be removed from the hydration solution.156 Klemm and Bhatty reported that 
when arsenate, chromate and selenate are in the hydration solution, arsenate shows a 
greater affinity to form ettringite than selenate and chromate, while the latter oxyanions 
incorporate into ettringite at equal molar ratio. However, when sulfate is present, it 
dominates other oxyanions for the formation of ettringite. Sulfate could also replace 
oxyanions in the substituted ettringite.157 Albino reported the formation Cd2+- and Cr3+-
substituted ettringite during the synthesis experiments to incorporate various divalent and 
trivalent metals into ettringite.158  
Impact of activating agents: The type of activating agent greatly impacts the 
mineralogy of S/S solid in terms of free calcium, aluminate and sulfate content. Commonly 
applied activation agents in S/S techniques include cement (PC, high-Al cement with 
sodium aluminate), lime (hydrated or quick lime) and gypsum.117, 157 Cement and lime 
could greatly increase the pH, creating a high alkaline condition during the early stage of 
hydration which could enhance the formation of ettringite and monophase. The hydration 
of lime will also release significant amount of heat which helps converting ettringite to 
monophase. Quick lime could further increase the temperature of the system. The addition 
of aluminate and gypsum enhances the immobilization of heavy metals since they could 
speed up the formation of ettringite during the early stage when heavy metals are still 
mobile and easily incorporated into the ettringite.157  
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Impact of FGD brine chemistry: As mentioned in section 1.3.1, FGD brines 
contain high levels of TDS, with abundant Ca2+ and Cl-. When the reaction condition allows 
the formation of monophase, the AFm-Cl phase (Friedel’s salt) will be the dominant form. 
The sulfate concentration in the brine (plus from added gypsum if utilized) also needs to 
be considered since a high level of sulfate will hinder the formation of monophase, or 
compete with metal oxyanions for incorporation into ettringite or monophase. The acidic 
to neutral pH of FGD brines is not ideal for formation of ettringite or monophase; however, 
this is not a concern since the high alkaline property of CFA and activation agents will 
raise the pH during mixing and curing. During leaching of S/S solids, the excess free 
calcium could help maintain the monophase from converting to ettringite. 
1.3.9 Permeability of S/S Solids 
Permeability is an important characteristic to be analyzed for our stabilized solids 
because it is a good indication of how well the solids can retain the contaminants. Although 
ettringite and monophase are capable of retaining heavy metals and chloride, they are not 
stable once exposed to aqueous phase with pH less than 10.5. Previous leaching tests results 
also indicate that once the solid is crushed and being leached at neutral pH, both ettringite 
and monophase are destructed, resulting in the leaching of heavy metals. However, if the 
solid is not crushed, only the surface will be exposed to the extraction fluid. Therefore, the 
stability of ettringite and monophase in the inner part of the solid will greatly depend on 
the permeability of the solids, and a low permeability could be a key factor to the success 
of this ZLD method. The permeability of CFA based stabilized solids have been studied 
by several researchers. Ghosh reported that the addition of lime (4−10%) and gypsum 
(0.5−1.0%) lowered the hydraulic conductivity of stabilized BCFA (1.4% CaO) by more 
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than 500 times compared to the ash only system.159 Mahlaba also reported that longer 
curing time and addition of lime decreased the permeability of the solids generated by 
BCFA and brine.160 Bowders et al. reported that the permeability of BCFA stabilized solids 
could be lowered by the addition of 15% lime and cement by weight. Adding bentonite 
further decreased the permeability but increased the leaching of contaminants.161 
1.3.10 Heavy Metal Removal by Friedel’s salt 
Friedel’s salt (Ca4Al2(OH)12Cl2(H2O)4) is an AFm-Cl phase belongs to the family of 
layered double hydroxides (LDH). The AFm-X phase, or monophase, structure consists of 
positively charged Ca2[Al(OH)6]
+ layers, producing a net charge imbalance.116 Anions (X), 
such as CO3
2-, Cl-, OH-, and SO4
2- occupy the space between the layers of Ca2[Al(OH)6]
+ 
to balance the mineral’s charge.116, 125 The exchange of anions in the interlayers with 
external anions is typically highly favored.125 Friedel’s salt has been shown to successfully 
remove various heavy metals such as selenate,112 chromate,111, 162 arsenate,163-164 and 
various anion such as chloride,116, 129-131 nitrate,165 and nitrite.166 Compared to other 
adsorbents, Friedel’s salt is easy and cheap to synthesis and it has demonstrated a higher 
adsorption capacity than other types of LDHs for contaminants in various types of aqueous 
systems.111-112, 162-164 Wu et al. demonstrated the effective removal of selenate by Friedel’s 
salt with an uptake efficiency up to 1.37 mmol/g.112 Dai et al. demonstrated the effective 
removal of chromate by Friedel’s salt with an uptake efficiency up to 1.4 mmol/g.111 
1.3.11 Stability of Friedel’s salt 
The stability of Friedel’s salt and its phase change after uptaking the contaminants is 
also an important aspect to be considered in its application. Baur and Johnson reported that 
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SeO4
2--substituted AFm phase was stable in the cementitious system.152 Perkins and Palmer 
reported that during the synthesis of CrO4
2--substituted ettringite, CrO4
2--substituted 
monophase was also formed at pH 12; however, at pH >12.5, monophase was the only 
form. They also reported that the stability domain of monophase could be lowered to pH 
11 when there was excess free calcium in the system, which favored the formation of 
monophase.153-154 Wu et.al showed that selenate substituted Friedel’s salt is stable in water 
at a starting pH range of 4 -13 with an equilibrium pH around 11. At lower starting pH, 
Ca(OH)2 in the framework of LDH is partially dissolved, while at higher staring pH, 
Al(OH)3 in the framework of LDH is partially dissolved. However, under both cases, less 
than 3% of the selenate was desorbed, indicating the strong fixation of selenate by Friedel’s 
salt. 112 Similar findings regarding chromate substituted Friedel’s salt was also report by 
Dai et al. 111 The findings mentioned above indicated that AFm phases are likely more 
stable around pH 11-12.  
In this work, we detected the transformation from Friedel’s salt to stratlingite in the 
S/S solids after the USEPA 1315 long-term leaching test. After around 3 months, the 
Friedel’s salt (which was 15% by weight in the solid) disappeared but stratlingite was 
detected. Stratlingite is also an AFm phase, but with aluminosilicate ion, expressed as 
[AlSi(OH)8·0.25H2O]
-1, in the interlayer of the LDHs. It’s commonly found in hydrated 
cement and concrete. Stratlingite is more difficult to synthesize than Friedel’s salt and the 
its synthesis takes up to 4-6 weeks.114, 167 Transformation from stratlingite to Friedel’s salt 
when exposed to chloride solution has been shown in previous research. 114, 168-169 
However, to the best of our knowledge, no research has demonstrated the transformation 
from Friedel’s salt to stratlingite, or the heavy metals removal by stratlingite. In the S/S 
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solid generated in this study, coal fly ash could provide silicate and aluminate which are 
required for the formation of aluminosilicate ion in the stratlingite.  
1.3.12 Leaching Procedures 
USEPA 1311 170: USEPA 1311 leaching test (i.e. Toxicity Characteristic Leaching 
Procedure, TCLP) is a regulatory leaching test to determine whether the solid waste is 
hazardous or non-hazardous. TCLP is an equilibrium batch extraction test which sets the 
initial pH of the leachant to 2.88 or 4.93 using acetic acid. The size of the solid pieces must 
be less than 0.95 cm and the liquid to solid ratio is set to 20. The extraction time is usually 
18 ± 2 hours.   
USEPA 1313 171: The USEPA Method 1313 (i.e. Liquid-Solid Partitioning as a 
Function of Extract pH for Constituents in Solids Materials using a Parallel Batch 
Extraction Procedure) is similar to the TCLP test except that the final leachate pH is 
controlled at a target value, not the initial pH and nitric acid or sodium hydroxide is used. 
In order to achieve the targeting pH, preliminary titration tests are conducted to determine 
the amount of acid or based required. The liquid to solid ratio is set to 10 and the extraction 
time is usually 24 ± 2 hours.  
USEPA 1315 172: The USEPA Method 1315 (i.e. Mass Transfer Rates of 
Constituents in Monolithic Materials Using a Semi-Dynamic Tank Leaching Procedure) is 
a long-term leaching procedure to evaluate the contaminant release from cylindrical 
monolith, instead of crushed solid in USEPA 1311 and 1313. In this method, the monolith 
is submersed into deionized water which needs to be refreshed following the designed 
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schedule. The ratio of the liquid volume to solid surface area ratio is set to 9 ± 1 mL/cm2. 









CHAPTER 2. REMOVAL OF HEAVY METALS BY AGED 
ZERO-VALENT IRON FROM FLUE-GAS-DESULFURIZATION 
BRINE UNDER HIGH SALT AND TEMPERATURE 
CONDITIONS 
2.1 ABSTRACT 
To achieve zero liquid discharge, the flue-gas-desulfurization (FGD) wastewater at 
coal-fired power plants can be concentrated into brine through thermal evaporation to 
maximize water reuse; however, the hot brine generated requires further treatment prior to 
disposal. To address this need, this study investigates the performance of aged, micron-
sized zero-valent iron (ZVI) for heavy metal removal in simulated and real FGD hot brines, 
which was scarcely studied previously. The effects of temperature, pH, total dissolved 
solids, ZVI dosage, major cations, nitrate and sulfate on the reactivity of ZVI in the brines 
were evaluated. Among many factors, higher temperature and Mg2+ exert the dominant 
influence. At 80°C, almost 100% of arsenate (1 mg/L) and chromate (1 mg/L) can be 
removed in < 5 minutes using 4.17 g/L of ZVI in simulated brines, while selenate (25 mg/L) 
and cadmium (5 mg/L) can be completely removed within 30 minutes. Mg2+ ions naturally 
present in FGD brines account for the depassivation of aged ZVI. X-ray diffraction results 
suggest that green rust is the reactive intermediate for selenate and cadmium removal. 
Overall, this study demonstrates that ZVI is an effective material for removing heavy 




The United States coal-fired power industry is facing the challenge to improve 
wastewater treatment and discharge. The U.S. Environmental Protection Agency (USEPA) 
has determined that the wastes generated from wet flue-gas-desulfurization (FGD) systems 
and ash-handling systems contribute the most to the contaminant loading to the 
environment.4 Because of the complexity of the wastewater and difficulties related to 
technology and maintenance, a special concern for the industry is treating the wastewater 
from wet FGD systems which contains significant concentrations of heavy metals (e.g. Se, 
As, Cr, Cd, and Hg) and large amounts of salts (e.g. Cl-, Ca2+, Mg2+, Na+, and SO42-).1 
At present, the most commonly used FGD technology is the forced oxidation type 
wet scrubber,2 which uses limestone (CaCO3) or lime (Ca(OH)2) as an absorber for SO2. 
Forced oxidation FGD systems pump air into the scrubber to completely oxidize SO3
2- to 
SO4
2- which precipitates as CaSO4.2H2O (gypsum), a commercial product for wallboard or 
soil amendment.3 However, heavy metals, including Se and Cr, are oxidized along with 
SO3
2-. Once Se(IV) and Cr(III) are oxidized into Se(VI) and Cr(VI), their mobility (and 
toxicity) will increase, thus creating difficulties for their treatment. Moreover, FGD 
wastewater also contains significant concentrations of Ca2+ (from the alkaline sorbent) and 
Cl- (from the coal). The recently released (but postponed) Steam Electric Power Effluent 
Limitation Guidelines (ELG Rule) by the USEPA set stringent limits on the release of As, 
Hg, Se and other pollutants into the environment from FGD wastewater,173 motivating the 
coal-fired power industry to seek more treatment options. 
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The zero-liquid-discharge (ZLD) options have gained significant interest from the 
coal-fired power industry because of the elimination of environmental wastewater 
discharge and maximization of water reuse.18 At coal-fired power plants, thermal 
evaporation related technologies could be the most reliable method to concentrate the FGD 
wastewater followed by a suitable solidification/stabilization process to treat the 
concentrated brines to form a solid for landfill disposal 18.  Both Duke Energy’s Mayo Plant 
near Roxboro, North Carolina and the Public Service of New Hampshire’s Merrimac 
Station installed thermal evaporation systems in ZLD strategies to treat FGD wastewater. 
Significant interests exist in these type technologies which will increase with increasing 
effluent limitations. While the volume of the wastewater is reduced substantially after 
thermal evaporation, the hot brines generated will contain significantly higher 
concentrations of heavy metals and salts which renders the treatment of this brine a new 
kind of challenge. Extensive literature search shows that the methods regarding the removal 
of heavy metals in hot brine conditions is scarce in the field and require more research to 
address this knowledge gap.  
Studies have shown that zero-valent iron (ZVI) can effectively remove or stabilize a 
variety of contaminants such as selenate, chromate, nitrate, phosphate and chlorinated 
hydrocarbons in hazardous wastes or contaminated sites.19-22, 24, 31-38, 174 Although the 
reactivity of ZVI for heavy metal removal has been well studied, to the best of our 
knowledge ZVI has not been studied for treatment in concentrated FGD wastewater brines. 
The previous work by Huang et al. has conducted a successful field study using a hybrid 
ZVI system to treat heavy metals and nitrate in FGD wastewater.21-22 However, the 
chemistry of FGD wastewater versus its concentrated brines will be quite different due to 
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the significantly higher concentrations of metals, salts and other components in the brines. 
Therefore, evaluating the effectiveness of ZVI on heavy metal removal in real FGD 
wastewater brines is still lacking and such studies will yield valuable new scientific 
information that can be taken into consideration when designing the ZLD method at the 
coal-fired power plants.  
Moreover, while the mechanisms of contaminant removal by ZVI have been 
extensively studied,24, 32, 35-36, 65-67 most of the studies were focused on one or a few 
contaminants in a fairly “clean” aqueous system compared to in a more complex FGD 
brine. Also, most studies were conducted under anoxic condition, especially for nano-sized 
ZVI (nZVI), because a passive iron oxide layer can easily form when the particles are 
exposed to air. It is well known that once the passive layer is formed, the reactivity of ZVI 
will be hindered unless the ZVI is corroded and the passive layer is destructed. However, 
conducting the treatment of FGD brines by ZVI under anoxic conditions at the power plants 
is not desirable or very practical, and thus conditions to promote ZVI corrosion and passive 
layer destruction are needed.  
The electrochemical corrosion of ZVI can be affected by various factors such as 
temperature, pH, mixing, ZVI size, ionic strength, different levels of various anions, and 
the coexistence of other heavy metals.32, 35-38, 57-60 Lower starting pH promotes the corrosion 
of ZVI and helps the formation and release of Fe(+II), which later involves in the formation 
of Fe(+II)-Fe(+III) hydroxyl layers (e.g. green rusts (GR)) that give rise to the reactivity of 
ZVI for reduction of a variety of contaminants.41, 47-49, 52, 55 Different levels of various 
anions and metal ions could affect the composition of the active layer around ZVI and 
compete with targeting contaminants.35-36 At higher temperatures, ZVI-based materials 
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were found to be more reactive in removing chromium, arsenic, and nitrate than at room 
temperature.38, 61-62 This enhanced performance might be attributed to the enhanced 
diffusion of metal ions and enhanced formation of active sites.63-64 Therefore, removing 
heavy metals in FGD brines after the evaporation process could be very advantageous in a 
ZLD scenario where the concentrated brines will be at elevated temperatures.   
The objective of this study was to evaluate the use of ZVI for heavy metal removal 
in concentrated FGD wastewater brines. Micron-sized, aged ZVI particles were selected in 
use because they are cheaper in costs and easier to handle compared to freshly made nZVI 
which requires anoxic condition to avoid passivation. Selenate, chromate, arsenate and 
cadmium were the main heavy metals of concern. The treatment of heavy metals by ZVI 
was conducted in both simulated and real FGD brines. The effects of a range of factors 
including temperature, pH, total dissolved solids (TDS), ZVI dosage, major cations, nitrate 
and sulfate on the treatment efficacy were systematically investigated to better understand 
the involved chemical reactions and mechanisms and to optimize the treatment process. 
The ZVI’s characteristics and longevity over time were also evaluated. This study is among 
the first to evaluate the effectiveness of ZVI for heavy metal removal in concentrated FGD 
brines and reveals several important new findings. Results of this study will be useful to 
facilitate industries in the design and development of treatment options for mitigation of 
heavy metals in waste brines.   
2.3 EXPERIMENTAL SECTION 
2.3.1 Chemicals and materials 
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ZVI spherical particles (Figure 2.1) with a labeled size of 1-3 micron in diameter was 
purchased from Alfa Aesar (Haverhill, MA). The particles were stored in a closed amber 
borosilicate bottle under ambient condition at room temperature without special sealing for 
more than one year. These particles’ surfaces were highly oxidized, and thus were termed 
aged ZVI. Figure 2.2 shows the SEM image of raw ZVI particles, indicating most particles 
were within 1-3 m range in diameter. The surface composition of raw ZVI particles was 
analyzed by x-ray photoelectron spectroscopy (XPS) and shown in Figure 2.3. Without 
considering the carbon intrusion and minor impurities, the raw ZVI contained 71.4% of 
oxygen and 28.6% of iron, indicating the surface of the material was highly oxidized. This 
high oxygen content was contributed from the oxygen in the passive iron oxide layer on 
the ZVI which was formed due to exposure to air more than a year. Previous study indicated 
that after this aging time, minimum change in reactivity was expected 175. ZVI particles 
with similar aging time were applied in the tests performed in this study. 
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Figure 2.1. Raw ZVI particles 
 
Figure 2.2. SEM image of raw ZVI particles 
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Figure 2.3. XPS scan of raw ZVI 
All chemicals used for making the simulated FGD were in analytical grade and used 
as received. Sodium selenate (Na2SeO4), sodium arsenate heptahydrate 
(Na2HAsO4·7H2O), cadmium chloride (CdCl2), sodium chromate (Na2CrO4), barium 
chloride dihydrate (BaCl2·2H2O), and mercuric chloride (HgCl2) were purchased from 
VWR (Radnor, PA). Calcium chloride dihydrate (CaCl2·2H2O), sodium chloride (NaCl), 
magnesium nitrate hexahydrate (Mg(NO3)2·6H2O), magnesium chloride hexahydrate 
(MgCl2·6H2O), magnesium sulfate heptahydrate (MgSO4·7H2O), and sodium bromide 
(NaBr) were purchased from Fisher Scientific (Hampton, NH). All the solutions used in 
the experiments were prepared by dissolving the corresponding salts in ultrapure deionized 
(DI) water generated from a Milli-Q nanopure water purification system, and the resulted 
components’ concentrations are shown in Table 2.1. Notice that selenate has the highest 
concentration among the heavy metals and its difficulty to be removed is well known. 
Therefore, initial tests regarding the optimization of reaction condition were done in the 
brine containing only 25 mg/L selenate and is named “selenate-only brine”. The simulated 
brine with the addition of Se(+VI), As(+V), Cd(+II), Cr(+VI) and Hg(+II) is named “metal 
brine”. 
Table 2.1. Characteristics of simulated FGD brine, and real FGD brine (concentrations in 
mg/L) 
Parameter Simulated Brine Real FGD Brine 
pH 5.9 6.5 
TDS 126,000 133,000 
Chloride 80,000 77,800 
Nitrate 0-600 1,300 
Sulfate 0-1200 1,390 
Bromide 1,312 240 
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Ca 57,580 38,439 
Na 990 1,801 
Mg 9,340 3,727 
Se 25 3.1 
As 1.0 ND 
Cd 5.0 0.8 
Cr 1.0 0.09 
Fe NA 0.7 
Cu NA 0.30 
Hg 1.0 0.14 
Pb NA 0.08 
Zn NA 3.82 
Mn NA 12.5 
                          NA: not added; ND: not detected 
Real FGD wastewater was collected following the solid separation of the FGD 
blowout in a coal-fired power plant in the southeast of U.S. The real FGD brine was 
generated by heating 1.0 L of the real FGD wastewater using a heating plate with gentle 
magnetic stirring at 200C until the volume of the final brine was about 10% of the original 
wastewater volume. During the process of concentrating the FGD wastewater into its brine 
through heating, the colorless FGD wastewater gradually turned yellow to brownish, with 
the formation of precipitates and crystal solids at the bottom. Images of real FGD brine 
generated from real FGD wastewater are shown in Figure 2.4. The real FGD brine was 
filtered (acid washed glass fiber filters with 0.7 µm pore size) to remove the precipitate 
before being characterized and tested.   
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Figure 2.4. Real FGD wastewater (left) and brine after thermal evaporation (right) 
2.3.2 Batch experiments and analytical methods 
The effects of temperature, pH, TDS, ZVI dosage, nitrate and sulfate on selenate 
removal by ZVI was evaluated in the selenate-only brine. The starting pH (2.5, 3.0, 3.8, or 
5.9) was adjusted by adding HCl. The pH throughout the reaction was not controlled. TDS 
(100%, 50% or 10%) was adjusted by diluting the brine with DI water before adding the 
selenate. The solution was preheated in a heating bath at constant temperature (25, 40, 60 
or 80°C) which was maintained throughout the reaction. Nitrate concentration (0, 300, or 
600 mg/L) and sulfate concentration (0, 300, 600, or 1200 mg/L) were adjusted by adding 
sodium nitrate or sulfate. ZVI powder (0.10, 0.25, 0.50 or 1.00 g) was added into the 60 
mL brine-containing solution and the mixture was stirred by a magnetic stir bar (1.5” × 
0.312”) at 550 rpm. At this speed, most of the ZVI added was observed to be well dispersed 
in the mixture and this stirring condition was applied in all the tests performed in this study. 
Sample aliquots were taken at 0, 5, 10, 20, 30, and 60 min, filtered using a syringe filter 
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(0.22 µm) to remove solids, and the supernatant was diluted 10 times with 5% trace-metal-
grade HNO3 for heavy metal measurement. The tests mentioned above suggested that 
temperature was a dominant factor for selenate removal, so the effect of temperature was 
also tested in the metal brine to evaluate its effect on the removal of other metals.  
The longevity test of ZVI was conducted by adding 0.25 g or 0.10 g of ZVI into 60 
mL of selenate-only brine or metal brine at pH 5.9 and 80°C. Samples were taken at 1-hour 
interval for 5-6 hours. Once an aliquot of samples was taken, additional heavy metals 
(equal to their initial concentration) were spiked and an aliquot of sample was taken 
immediately to confirm the concentration spiked in. The volume added compensated the 
volume loss from sampling. The corroded iron samples from sample aliquots were removed 
by the syringe filters and freeze dried before x-ray diffraction (XRD) analysis.  
All the tests were conducted in duplicates with a fixed brine volume of 60 mL under 
ambient conditions without special prevention from contact with air. The pH was measured 
by an Orion StarTM A111 bench top pH meter (Waltham, MA). The concentration of heavy 
metals was detected by inductively coupled plasmas – optical emission spectroscopy (ICP-
OES) 8000 (Perkin Elmer, Waltham, MA). For the real FGD brine, the chloride, sulfate 
and nitrate concentrations were measure by ion chromatography (IC) (Dionex, Sunnyvale, 
CA). TDS was measured by drying 5 mL of the real brine in an aluminum crucible in the 
oven at 100 C. The XPS (Thermo K-Alpha, Waltham, MA) and SEM (Zeiss Ultra60, 
Oberkochen, Germany) analysis of raw ZVI, and the XRD (Panalytical XPert PRO Alpha-
1, Almelo, Netherlands) analysis of ZVI at different reaction conditions were conducted at 
the Department of IEN/IMAT Materials Characterization Facility at Georgia Tech. 
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2.4 RESULTS AND DISCUSSION 
The simulated and real FGD brines shared comparable characteristics in major 
components (Table 2.1) such as high concentrations of TDS (126,000 vs. 133,000 mg/L), 
chloride (80,000 vs. 77,800 mg/L) and calcium (57,580 vs. 38,439 mg/L). The simulated 
brine was slightly more acidic (pH 5.9 vs. 6.5) and contained higher concentrations of Mg2+ 
and heavy metals than the real brine. The higher concentrations of heavy metals employed 
in the simulated brine was aimed to better evaluate the removal efficiency. Results from 
different experimental tests are discussed below.  
2.4.1 Treatment efficiency of ZVI in selenate-only brine 
2.4.1.1 Effects of pH and temperature 
Figure. 5 and 6 show the effect of pH and temperature on selenate removal by 16.67 
g/L of ZVI in selenate-only brine. Generally, higher temperature and lower pH led to higher 
removal of selenate. At 25C (Figure 2.5a), removal of selenate was not observed, even at 
the lowest pH (2.5) tested. The color of the ZVI-brine mixture remained grey as the color 
of raw ZVI particles, because ZVI was not corroded. At 40 C (Figure 2.5b), the percent 
removal of selenate increased with decreasing pH. The acidic condition enhanced the 
corrosion of the iron surfaces. However, at the lowest pH of 2.5, only about 30% of selenate 
was removed after 60 minutes.   
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Figure 2.5. Effect of pH on selenate removal at 25C (a) and 40C (b) by 16.67 g/L ZVI 
in simulated brine. 
By increasing the temperature to 60 C and 80 C (Figure 2.6), the effect of pH 
became negligible. At 60 C, more than 90% of selenate could be removed within an hour. 
At 80 C, more than 99% of selenate could be removed within 30 minutes regardless of the 
pH. Since the pH of the simulated brine and the real brine in this study was only slightly 
acidic (5.9-6.5), the above result suggests that lowering the pH of the brine to increase the 
removal rate is not in great need when the temperature is at 60 C or higher.  
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Figure 2.6. Effect of pH on selenate removal at 60C and 80C by 16.67 g/L ZVI in 
selenate-only brine. 
At elevated temperature (60 °C and 80 °C), the color of the reacting mixture turned 
into dark green as the reaction proceeded. The dark green color was a strong indication of 
the formation of green rusts (GR) which were further confirmed by XRD (see Section 
2.4.3.2). GR are layered double hydroxides (LDH) composed of positively-charged 
octahedral layers of Fe(+II) and Fe(+III) hydroxides with interlayer containing water 
molecules and anions.42-44 Their molecular formula are generally represented as [Fe(+II)(1-
x)Fe(+III)x(OH)2]
+x·[(x/n)A-n·(m/n)H2O]
-2 where A represents the anion.41-43 GR have been 
reported for their capability of reducing various contaminants including selenate,41, 43-47 
chromate,26, 48-51 nitrate,52-53 and chlorinated hydrocarbons.54-56 However, GR is not stable 
in oxic condition. Further oxidation of GR will lead to goethite (a-FeOOH), lepidocrocite 
(γ-FeOOH), maghemite (γ-Fe2O3), or magnetite (Fe3O4), depending on the pH, rate of 
oxidation and dehydration of GR.45  
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The reaction suspension at 80°C (Figure 2.7) was dark green after one hour of 
reaction. When it was left in room temperature without stirring, the particles remained 
mostly dark green and settled to the bottom after one hour, and eventually turned orange-
brown after 24 hours. This color change suggests that, although GR is unstable at oxic 
condition,176 the high temperature condition most likely decreased the dissolved oxygen 
content in the brine which helped preserve the GR. Once the temperature cooled down, the 
dissolved oxygen level increased, and further oxidation of the GR occurred.  
         
Figure 2.7. The change of color of the ZVI-brine mixture. The mixture was from after 1 
hour of reaction of ZVI (4.17 g/L) and selenate (25 mg/L) in simulated FGD brine (pH 5.9) 
at 80C. The mixture was taken out of the hot reactor and transferred into a small vial in 
the room temperature as shown in the picture. Left: the mixture taken out of the reactor 
right after the reaction; Middle: 1 hour after the mixture was taken out; Right: 24 hours 
after the mixture was taken out. 
Since the simulated brine contained 80,000 mg/L of chloride, the GR formed was 
likely the chloride GR (i.e. GR-Cl). The formation of GR-Cl is important as Myneni et al. 
showed that it could trap selenate inside its interlayers by forming bidentate binuclear and 
edge-sharing complexes, and further reduce it to selenite.45 Refait et al. studied the 
 43 
reduction of selenate by GR-Cl under both oxic and anoxic conditions and similar color 
change was observed when GR-Cl was formed and further oxidized 41. Zhang et al. studied 
the effect of different anions on the selenate removal by ZVI, and observed the formation 
of GR-Cl in the chloride-rich solution.35 Selenate can be removed rapidly by adsorption 
once GR is formed and further reduced to selenite or even elemental selenium which stays 
inside the GR interlayers. Schellenger and Larese-Casanova studied the selenate uptake 
rate by GR-Cl under anoxic condition 
44, and also proposed that selenate can be reduced to 
elemental selenium by incorporating into the interlayers followed by reduction. Therefore, 
the selenate in the FGD brine in this study is most likely removed by GR-Cl. 
2.4.1.2 Effects of TDS and dosage 
The effect of TDS on selenate removal by 1.00 g ZVI in 60 mL of simulated brine at 
pH 3.0 at both 25C and 80C was tested. At 25C, selenate was not removed at all. At 
80C (Figure 2.8), the dilution of brine had only modest impact on selenate removal; the 
lower the TDS, the faster the removal rate. The slightly faster  removal rate in more diluted 
brine could be attributed to less competition between selenate and other anions for the 
reactive sites 177-178.  
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  Figure 2.8. Effect of brine dilution on selenate removal by 16.67 g/L ZVI in selenate-
only brine. The brine was at pH 3.0 and 80C. 
The effect of ZVI dosage on selenate removal was tested at both 60 °C and 80 C in 
pH 3.0 simulated brine (60 mL) to find the optimal dosage for the treatment. At 60C 
(Figure 2.9a), ZVI dosages of 0.25, 0.50 and 1.00 g had similar selenate removal rates, but 
0.10 g ZVI led to a slower removal rate. At 80C (Figure 2.9b), ZVI dosages of 0.25, 0.50 
and 1.00 g could still achieve the similar percent removal of selenate within 30 min. Again, 
0.10 g ZVI led to a slower removal rate. A lower dosage of ZVI resulted in fewer reactive 
sites for selenate, therefore leading to a slower removal rate. ZVI dosage is an important 
factor when considering the cost of treatment.  In this test, increasing the temperature could 
reduce the dosage of ZVI required to achieve the similar selenate removal rate to that under 
higher ZVI dosages but a lower temperature at pH 3.0. 
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Figure 2.9. Effect of ZVI dosage (1.67-16.67 g/L) on selenate removal at different 
temperatures: (a) 60C; (b) 80C in selenate-only brine at pH 3.0. 
2.4.2 Treatment efficiency of ZVI in multi-metal simulated brine 
2.4.2.1 Effects of temperature on heavy metal removal in metal brine 
Based on the results shown above, temperature was the dominant factor on ZVI’s 
reactivity for selenate removal compared to other studied factors. The co-removal of 
selenate, arsenate, cadmium and chromate by 4.17 g/L ZVI was further studied in metal 
brine at 25C-80C and pH 5.9 (Figure 2.10). At 25C and 40C, ZVI was not corroded 
since the mixture’s color did not change (remained grey). Selenate and cadmium were not 
removed at all at these two temperatures (Figure 10a and 10b). At 25C, 50% of arsenate 
and 60% of chromate were removed within an hour, while at 40C, they could be 
completely removed.  At 60C and 80C (Figure 10c and 10d), almost 100% removal of 
arsenate (1 mg/L) and chromate (1 mg/L) could be achieved in less than 5 minutes. Selenate 
(25 mg/L) and cadmium (5 mg/L) could be completely removed within 60 minutes at 60C 
and within 30 minutes at 80C.  
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Figure 2.10. Effect of temperature on the removal of (a) selenate, (b) arsenate, (c) cadmium 
and (d) chromate by 4.17 g/L ZVI in metal brine at 25C, 40C, 60C and 80C at pH 5.9.  
Note that arsenate and chromate (both at 1 mg/L) were rapidly removed within the 
first 5 minutes even the corrosion of ZVI had not occurred yet as the color of the mixture 
remained grey which was the color of raw ZVI. The XRD pattern of the ZVI sample after 
5 minutes (shown in Figure 2.13 in Section 2.4.3.2) also indicated that green rust had not 
formed yet. Therefore, removal of the low concentration of arsenate and chromate was 
likely due to rapid surface adsorption without the help of green rust. On the other hand, the 
removal of selenate (25 mg/L) and cadmium (5 mg/L) relied on the corrosion of ZVI. The 
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lag period from 0 to 5 minutes in Figure 10c and 10d indicated that negligible amounts of 
selenate and cadmium were removed without ZVI corrosion. After 5 minutes, the color of 
the mixture gradually turned into dark green and the rapid removal of selenate and 
cadmium started to occur simultaneously.  
Reduction of selenate by GR under low salinity and ambient temperature has been 
well reported in the literature and mentioned in Section 2.4.1. Cadmium (Cd2+) ion removal 
by nZVI has also been studied previously,73-74 but the formation of GR was not mentioned 
or observed. Although removal of cadmium by GR is not well reported in the literature, 
O’Loughlin et al. studied the reduction of several transition metal cations, including AgI, 
AuIII, CuII, and HgII by GR, and showed that all these metal cations could be reduced to 
their zero-valent state.75 Therefore, the cadmium removal observed in this study (Figure 
10) was likely due to the reduction by GR.  
2.4.2.2 Competition and inhibitory effect between heavy metals 
The existence of arsenate (1 mg/L) and chromate (1 mg/L) seemed to have negligible 
impact on the removal of selenate, as the selenate removal rate (Figure 2.10d) was 
comparable to that in selenate-only brine (Figure 2.6 and Figure 2.9b). However, when the 
concentration of arsenate and chromate was increased to 10 mg/L each, significant impact 
on the removal of selenate (25 mg/L) and cadmium (5 mg/L) was observed. As shown in 
Figure 2.11a, when 10 mg/L arsenate and 10 mg/L chromate were added together in the 
metal brine, the removal of selenate and cadmium was both completely hindered, while the 
color of the mixture remained grey for 60 minutes even though the removal of arsenate and 
chromate occurred. To evaluate the inhibitory effect of selenate and chromate, respectively, 
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10 mg/L arsenate and 10 mg/L chromate were added separately in the brine to be with 
selenate (25 mg/L) and cadmium (5 mg/L).  When 10 mg/L chromate was added (Figure 
2.11b), the selenate and cadmium removal was still completely inhibited. However, 
chromate itself was still successfully removed, indicating that the formation of this passive 
layer is the main mechanism for chromate removal and it is a highly favorable process. 
Muller et al. reported the successful chromate removal by fluidized ZVI with a Sauter 
diameter of 3.4 mm which is 3 folds larger than the size of the ZVI particles applied in our 
study 179. When 10 mg/L arsenate was added (Figure 2.11c), the selenate and cadmium 
removal was slower compared to that in the normal metal brine, but still achieved 100% 
removal at 60 minutes. These results indicated that a high concentration of chromate will 
completely hinder the reactivity of ZVI on selenate and cadmium removal. Overall, 10 
mg/L of chromate completely inhibited the reactivity of ZVI, which is in agreement with 
previous reports that the corrosion of ZVI could be inhibited by the formation of a passive 
layer composed of iron-chromium (oxy)hydroxides.24, 180-181 A high concentration of 
arsenate slowed down the removal rate of selenate by ZVI due to competition for the 
reactive sides but did not inhibit the removal. 
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Figure 2.11. Heavy metal removal by 4.17 g/L ZVI at 80C in simulated metal brine at pH 
5.9: (a) 25 mg/L selenate, 5 mg/L cadmium, 10 mg/L arsenate and 10 mg/L chromate; (b) 
25 mg/L selenate, 5 mg/L cadmium, 10 mg/L chromate and no arsenate; (c) 25 mg/L 
selenate, 5 mg/L cadmium, 10 mg/L arsenate and no chromate. 
2.4.3 Treatment efficiency of ZVI in selenate-only brine 
2.4.3.1 Longevity of ZVI in selenate-only and metal brines 
To evaluate the longevity of ZVI, its performance on selenate removal at 80C was 
tested in selenate-only brine for 5 hours, along with the monitoring of total iron released 
into the solution (Figure 2.12a). ZVI (4.17 g/L) performed well even after 5 hours, and 
selenate was completely removed within each cycle. Note that the somewhat uneven initial 
selenate concentration measured at the beginning of each cycle indicated the removal of 
selenate by ZVI was rapid and occurred as soon as selenate was spiked into the suspension. 
Within 5 hours, the reactivity of ZVI still remained and the iron concentration released into 
the solution was also detected, which was an indication that Fe(0) was still being oxidized 
with a decreasing amount but not depleted.  
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When the ZVI dosage was reduced to 1.67 g/L and the test was extended to 6 hours 
(Figure 2.12b), the reactivity of ZVI towards selenate removal was lost after 4 hours, and 
dissolved iron was no longer detected, indicating that Fe(0) was mostly consumed after 4 
hours. The similar test with 1.67 g/L ZVI was also conducted in the metal brine for 6 cycles 
(Figure 2.12c). The removal of selenate was not affected by the existence of other heavy 
metals. In each cycle, cadmium (5 mg/L), arsenate (1 mg/L), and chromate (1 mg/L) were 
spiked, along with selenate (25 mg/L), into the mixture but they were quickly removed by 
the corroded ZVI (GR). Although aliquots of sample were taken right after the spiking, 
only remaining selenate was detectable in the solution, indicating the removal of Cd(+II), 
As(+V) and Cr(+VI) was quite rapid and effective. After 4 hours, the reactivity of ZVI for 
selenate removal was lost, and most of the Fe(0) was consumed as the iron concentration 
in the solution was no longer detectable.   
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Figure 2.12. Selenate removal and total iron release at 80C by (a) 4.17 g/L; and (b) 1.67 
g/L of ZVI in selenate-only brine at pH 5.9. (c) Selenate and cadmium removal and total 
iron release at 80C by 1.67 g/L ZVI in metal brine at pH 5.9. Reacted ZVI (green rust) 
remained in the mixture was used repeatedly in each cycle to treat the freshly added heavy 
metals for longevity test. 
2.4.3.2 XRD of reacted ZVI samples 
The reacted ZVI samples taken at 5, 60 and 360 minutes from the longevity test 
(Figure 2.12c) were filtered and vacuum dried for XRD analysis, and compared with the 
raw ZVI. The XRD patterns (Figure 2.13) suggested that, during the first 5 minutes of 
reaction, ZVI was slowly depassivated because only Fe(0) peak was shown. The passive 
layer around the raw ZVI was amorphous, thus not detectable by XRD. The XRD pattern 
of the sample taken at 60 minutes clearly showed the presence of GR (as mentioned in 
section 2.4.1.1) and the remaining Fe(0). After 360 minutes, Fe(0) was depleted and 
magnetite was formed. GR still existed, but it was no longer reactive for selenate removal 




Figure 2.13. XRD patterns of ZVI samples during the longevity test. Fe0 = raw ZVI (PDF# 
00-006-0696); GR = green rust (PDF# 00-040-0127); M = magnetite (PDF# 01-080-6402) 
As Figure 2.12c shows, although the removal of selenate was no longer observed 
after 4 hours, the amount of selenate increased was equal to the amount added, indicating 
previously removed selenate did not release back into the aqueous phase. The formation of 
magnetite didn’t result in more selenium in the aqueous phase either. Therefore, the 
removed selenate was likely reduced to elemental selenium in the interlayers of GR, as 
observed in other studies.35, 44 
2.4.4 Treatment efficiency of ZVI in real brine 
2.4.4.1 Heavy metal removal in real FGD brine 
While the major characteristics of the real FGD brine were similar to those of the 
simulated brine (Table 2.1), some differences existed. The removal of heavy metals by 4.17 
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g/L ZVI was conducted in the real FGD brine at 80C, as a comparison to that in the 
simulated brines (Figure 2.14). Note that the real FGD brine contained little arsenic and a 
lower concentration (90 µg/L) of chromium. It was found that chromium was completely 
removed upon the addition of ZVI before the first sampling point at 5 minutes; thus, the 
results of As or Cr are not shown. 
The removal rates of selenium and cadmium were both slower in the real brine 
compared to those in the simulated brine (Figure 2.14), primarily due to different brine 
matrices. Although chromate was shown to inhibit the corrosion of ZVI (Figure 2.11), its 
concentration in the real brine was not high enough to cause the inhibitory effect observed. 
Meanwhile, there were considerable concentration differences for some major anions (e.g. 
nitrate and sulfate) and metal cations (e.g. Ca2+ and Mg2+) in the real brine vs. in simulated 
brine. It is known that nitrate and sulfate could compete with heavy metal oxyanions for 
ZVI adsorption and reduction 19, 38, 182. Metal cations such as Mg2+ could also affect the 
corrosion of ZVI surfaces 183. Therefore, the effects of oxyanions and metal cations on 
selenate removal were studied to help explain the hindered reactivity in the real brine.  
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Figure 2.14. Selemium and cadmium removal in real FGD brine with and without the 
addition of Mg2+ compared to that in simulated brine using 4.17 g/L ZVI at 80C.  
2.4.4.2 Effect of nitrate and sulfate 
The effects of nitrate and sulfate on the removal of selenate by 4.17 g/L ZVI was 
tested at 80C in simulated selenate-only (25 mg/L) brine. Both nitrate and sulfate had only 
a slight effect on the removal rate of selenate (Figure 2.15). Therefore, nitrate and sulfate 
were unlikely the cause for the slower reaction in the real brine. 
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Figure 2.15. Effect of (a) nitrate and (b) sulfate on selenate removal in simulated selenate-
only (25 mg/L) brine  selenate using 4.17 g/L ZVI at 80C. 
2.4.4.3 Effect of Mg2+ on the depassivation of aged ZVI 
One important factor which could account for the slower removal rate of heavy 
metals in the real brine was the lower Mg2+ concentration compared to that in the simulated 
brine (Table 1). Liu et al. studied the depassivation of aged ZVI by divalent cations and 
showed that Mg2+, along with other cations, could destroy the passive layer of aged ZVI 
by complexing with the passive iron oxide coating on the ZVI surfaces. This complexation 
enhanced the dissolution of the hydrated surface, therefore enhancing ZVI’s reactivity 183. 
Among the effective divalent cations recognized in that study,183 Mg2+ is one of the major 
metal cations which is naturally present in the FGD brine.  
To assess whether Mg2+ played an important role in the simulated brines in this study, 
selenate removal was tested in DI water matrix with a pH of 5.5 at 80C. The results 
showed no removal of selenate, likely due to the lack of Mg2+ in the DI water system. 
Further on, the recipe of the simulated FGD brine was adjusted to study the importance of 
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Mg2+. As Table 2.1 shows, the most dominant metal cation in the simulated brine was Ca2+ 
(57,580 mg/L), and Mg2+ and Na+ were at 9,340 mg/L and 990 mg/L, respectively. As 
Figure 2.16 shows, replacing Mg2+ and Na+ by Ca2+ (indicated as “Ca2+-only brine”, total 
Mg = 0 mg/L) in the simulated brine significantly lowered the removal rate of selenate. On 
the other hand, replacing Ca2+ and Na+ by Mg2+ (“Mg2+-only brine”, total Mg = 44,320 
mg/L) or replacing Ca2+ with Na+ (“Na+ and Mg2+ brine”, total Mg = 9,340 mg/L), led to a 
similar reaction rate of selenate removal as that in the unadjusted simulated brine. Results 
in Figure 2.16 confirmed that Mg2+ accounted significantly for the reactivity of ZVI, but 
further increasing Mg2+ concentration did not further increase the reactivity. 
 
Figure 2.16. Effect of Mg2+ on selenate removal by ZVI (4.17 g/L) in adjusted simulated 
brine at 80C. [Mg(+II)] = 0, 44,320, and 9,340 mg/L in “Ca2+-only brine”, “Mg2+-only 
brine”, and “Na+ and Ca2+ brine”, respectively. 
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The effect of Mg2+ was further tested in the real FGD brine at 80C using 4.17 g/L 
ZVI. MgCl2
 salt was added into the real brine to match the concentration (9,340 mg/L) of 
Mg2+ in simulated FGD brine. By adding Mg2+ into the real brine (Figure 2.14), the removal 
rate of both selenate and cadmium was increased significantly. This result further 
demonstrated that for real FGD brines with a low concentration of Mg2+, Mg2+ could be 
amended to enhance the reactivity of aged ZVI. 
2.5 CONCLUSIONS 
The investigation of the removal of heavy metals by aged ZVI in concentrated FGD 
brines have led to several important new findings in this study. High temperature and Mg2+ 
are the dominant factors that will enhance ZVI’s reactivity for the removal of selenate, 
arsenate, cadmium, and chromate in brine matrices. At 80C, other factors such as pH, 
TDS, nitrate and sulfate become negligible, in contrast to their well-known interference 
with ZVI’s reactivity under ambient temperature conditions. Meanwhile, the existence of 
Mg2+ in the brine is also important due to its ability to destruct the passive layer around the 
aged ZVI particles. Low concentrations of arsenate and chromate can be rapidly adsorbed 
by ZVI. Once the ZVI is corroded, the formation of GR leads to the removal of selenate 
and cadmium. Although GR is not stable in oxic condition, the high temperature lowers 
the concentration of dissolved oxygen in the brine, thus improving the stability of GR. The 
longevity of ZVI depends on how fast the Fe(0) is depleted and the stability of GR. The 
Mg2+ concentration in the tested real brine was lower than that in the simulated brine, and 
this could be a key factor which caused the slower selenium removal rate in the real brine 
compared to that in the simulated brine.  
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Based on the results of this study, aged, micron-sized ZVI is an effective material for 
treating hot FGD brine. Although the high temperature reaction condition makes this 
process energy intensive, the brine generated through thermal evaporation provides the 
high temperature condition. Hence, the ZVI treatment should be considered post 
evaporation of FGD wastewater. Magnetite as the final product could be easily removed 





CHAPTER 3. SOLIDIFICATION/STABILIZATION OF FLUE 
GAS DESULFURIZATION BRINE AND COAL FLY ASH FOR 
HEAVY METALS AND CHLORIDE IMMOBILIZATION: 
EFFECTS OF S/S CONDITIONS AND ZERO-VALENT-IRON 
PRETREATMENT 
3.1 ABSTRACT 
Effective management of the flue-gas-desulfurization (FGD) wastewater and coal 
combustion residues (CCRs) are major challenges in the coal-fired power industry. The 
zero liquid discharge (ZLD) method through combining concentrated FGD brines and 
CCRs in solidification and stabilization (S/S) is promising because it has the potential of 
treating both wastes in the same process without the discharge of wastewater. This study 
evaluated the performance of such a ZLD method for the immobilization of heavy metals 
(Se, As, Cd and Cr) and chloride in FGD wastewater and/or CCRs. The effects of different 
coal fly ash (bituminous and sub-bituminous), activating agent (PC and lime) and 
pretreatment of brines by zero valent iron (ZVI) on the S/S process were evaluated. Short-
term and long-term leaching tests were conducted to evaluate performance of the S/S solids 
in pollutant retainment. The pre-treatment of FGD brine by ZVI enhanced the retainment 
of heavy metals when BCFA ash was used, but not when SCFA was used since it already 
performed quite well without ZVI pretreatment. Quantitative X-ray diffraction (XRD) and 
scanning electron microscopy (SEM) analyses strongly indicated the formation of Friedel’s 
salt is critical in the retainment of heavy metals and chloride. SCFA contains higher lime 
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and reactive aluminate content than BCFA, thus S/S solids made with SCFA contains 
higher amount of Friedel’s salt. With the same type of CFA, using lime as the activating 
agent provides more alkalinity that PC, thus further enhance the formation of Friedel’s salt.  
3.2 INTRODUCTION 
The United States coal-fired power industry faces increasing demands to improve 
solid waste and wastewater disposal practices.4 Over 130 Mt of coal ash (or referred to as 
coal combustion residuals (CCRs)) are produced annually in the U.S., and more than half 
are disposed in landfills or surface impoundments.184 The disposal of coal ash poses 
environmental risks due to elevated levels of heavy metals in these wastes and the potential 
of the heavy metals to leach over time. The Tennessee Valley Authority (TVA) Kingston 
Fossil Plant coal fly ash (CFA) slurry spill in December 2008 is the largest coal-ash spill 
accident in the U.S. history. The failure of a dike released about 4.1 million cubic meters 
of CFA slurry, which eventually spilled into the Emory River.185 The extended spill 
covered and damaged 300 acres of surrounding land,186 exposing severe environmental risk 
to the nearby residence and biota. TVA conducted a six-years-long recovery project which 
costed $1.18 billion dollars and 6.7 million man hours.185 In 2015, the U.S. Environmental 
Protection Agency (USEPA) released the CCR rule regarding the disposal of CCRs from 
electric utilities,187 which sets stringent requirements and timeline for the coal-fired power 
plants to safely transport and dispose CCRs. 
Furthermore, the flue gas desulfurization (FGD) scrubbers at coal-fired power plants 
purge wastewaters contain significant concentrations of heavy metals (e.g. Se, As, Cr, Cd 
and Hg) and large amounts of salts (e.g. Cl-, Ca2+, Mg2+, Na+ and SO4
2-),1 which need 
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proper treatment prior to any discharge into receiving water bodies. In 2009, a typical coal-
fired power plant could generate on average 2.1 million gallons of FGD slurry blowdown 
per day.6 The solids in the slurry will be separated and the remaining wastewater will be 
either recycled back to the scrubber or transferred for treatment. In 2014, an estimated total 
of 210 million cubic meters of FGD wastewater was produced.5 To reduce the amount of 
toxic metals and other pollutants discharged from the power plants, the USEPA released 
the Steam Electric Power Effluent Limitation Guidelines (ELG) in 2015, which sets 
stringent limits on As, Hg, Se and other pollutants’ release to the environment from FGD 
wastewater.6 However, due to the technical difficulty and financial burden to comply with 
this regulation, implementation of the ELG has been postponed for another two years.  
As the coal-fired power plants are in urgent needs of more effective treatment and 
disposal strategies for the two major wastes of CFA and FGD wastewater generated on-
site, interest in zero liquid discharge (ZLD) for wastewater treatment has been growing in 
recent years. The ZLD approach is attractive because it helps the power plants meet the 
stringent wastewater discharge limits, maximize water recycling at the plants, and 
potentially generate useful solid products. While ZLD eliminates FGD wastewater 
discharge, it will likely increase pollutant strength in the solid residuals from the 
wastewater, rendering these challenging solids in need of more effective stabilization 
technology before disposal or putting in alternative use. For that, we have developed a 
promising ZLD method by co-disposing FGD brine with CFA and Portland cement (PC) 
in a solidification/stabilization (S/S) process.18 We have demonstrated that this co-disposal 
ZLD approach is effective in immobilizing As(V), Cd(II), Hg(II) and Se(IV) in the 
produced solidified/stabilized solids; however, oxidized forms of heavy metals, such as 
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selenate (Se(VI)) and chromate (Cr(VI), are challenging to immobilize without addition of 
an reductant when bituminous coal fly ash (BCFA) was applied.18  
On the basis of the promise of the above ZLD approach, in this study we were 
motivated to couple the S/S process with a stronger reductant, zero valent iron (ZVI) pre-
treatment, as well as explore the impact of S/S conditions for improving heavy metals and 
chloride immobilization. ZVI has been shown by many studies to be able to remove 
selenate, chromate and other metals from wastewater.13, 24, 35, 73, 182, 188 However, one of the 
drawbacks of ZVI technology is that the ZVI surface becomes passivated with iron oxide 
layers when in contact with wastewater.15-17 This passive layer can decrease the reactivity 
of ZVI toward target contaminants by creating a barrier that limits the flow of electrons 
from ZVI under the iron oxides to the target contaminants.15-17 Therefore, this passive layer 
must be destructed for ZVI to work. Our recent study has demonstrated that low-cost, aged 
and micron-sized ZVI (1-3 µm) with passive layers could still achieve significant heavy 
metal removal in FGD wastewater brines at elevated temperature.189 Therefore, the same 
ZVI was utilized in this work to pretreat the FGD brine before mixing with CFA for the 
S/S process.  
Due to its cementitious properties, CFA has successfully replaced a portion of PC in 
many S/S processes that treat waste streams with heavy metal contamination.18, 81, 85, 92, 107, 
130-131  While CFA also contain heavy metals of concern, the resulted S/S mixtures were 
shown to be effective in immobilizing the target heavy metals in many cases.18, 85, 91-92, 106-
107 The properties of CFA are highly influenced by the type of fuel (coal) and the 
combustion conditions.108 In 2017, 774.6 million tons of coal was produced in the U.S., 
and approximately 45.6% of the coal produces BCFA and 45.4% produces SCFA, and 
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about 92.8% of the total coal use was for energy production.109 The most significant 
difference between these two CFAs is the higher CaO content in SCFA. SCFA with CaO 
contents >20% can be classified as cementitious materials.110 Once mixed with water, the 
resulting slurry will be cured over time through pozzolanic reactions to generate the S/S 
solids.  
The properties of CFA will influence the performance of the S/S process for heavy 
metal immobilization. Our previous18 study demonstrated that S/S solids using SCFA 
resulted in better retainment of Se(VI) than using BCFA due to higher formation of 
Friedel’s salt, which is denoted as AFm phase and belongs to the family of layered double 
hydroxides (LDHs). Friedel’s salt is capable of binding heavy metal oxyanions 111-113 and 
chlorides.114-116 The previous results that S/S solids using BCFA generated a negligible 
amount of Friedel’s salt, which could be due to the lack of reactive aluminate in BCFA.18 
Meanwhile, the previous study also used PC as the activating agent with BCFA in the S/S 
process, which probably provided limited alkalinity for dissolving the glassy phases in 
BCFA. Alternatively, S/S processes using stronger activating agents such as hydrated lime 
or quick lime (i.e. Ca(OH)2 and CaO) can provide more alkalinity for the pozzolanic 
reaction to proceed, which may facilitate the S/S in Friedel’s salt formation and leach less 
heavy metals and chloride.82, 107, 117-120  
Overall, this study is aimed to further optimize the ZLD approach in the S/S of co-
disposed FGD brine and CFA. Both lime and PC as activating agents were evaluated for 
the S/S process with BCFA and SCFA, respectively, and compared for the performance in 
the retainment of heavy metals and chloride by short-term and long-term leaching tests. 
Simulated and real FGD brine with or without the pre-treatment by ZVI were used in the 
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S/S process. The minerology, especially Friedel’s salt, of the S/S solids formed under the 
different conditions was carefully examined to provide insight for the contaminant 
retainment mechanism.  
3.3 EXPERIMENTAL SECTION 
3.3.1 Chemicals and materials 
ZVI spherical particles with a labeled size of 1-3 micron in diameter was purchased 
from Fisher Scientific and its characterization is presented in section 2.3 in chapter 2. 
BCFA and SCFA were obtained from coal-fired power plants in the southeastern United 
States. PC was obtained from Home Depot (Cartersville, Georgia). Compositions of CFAs 
and PC were previously reported by our group.18 Calcium hydroxide (hydrated lime) at 
95+% purity was purchased from Acros Organics. Chemicals for making the simulated 
FDG brine is described in section 2.3 in chapter 2. The simulated FGD brine was 
synthesized by dissolving appropriate metal salts in deionized (DI) water, which was 
generated from a Millipore nanopure water purification system. This simulated brine with 
heavy metals added is named “metal brine” (MB). Without the heavy metals, the brine is 
named “metal-free brine” (MFB). Real FGD wastewater was collected following the solid 
separation of the FGD blowout from a coal-fired power plant in the Southeast of U.S. and 
used to generate the real FGD brine in this study. The generation of real FGD brine (RB) 
is described in section 2.3 in chapter 2. The compositions of the simulated and real brines, 
respectively, are shown in Table 2.1. Overall, the MB and RB had comparable 
characteristics (Table S1): pH (5.9 vs. 6.5), total dissolved solids (TDS) (126,000 vs. 
133,000 mg/L), and chloride (80,000 vs. 77,800 mg/L). MB had higher heavy metal 
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concentrations than RB for the purpose of easier evaluation of removal efficiency: Se (25 
vs. 3.1 ppm), As (1.0 pm vs. non-detectable), Cd (5.0 vs. 0.8 ppm) and Cr (1.0 vs. 0.09 
ppm).  
 
3.3.2 Pretreatment of brine by ZVI 
The pretreatment of FGD brines by ZVI for heavy metal removal was previously 
studied189 and the optimized reaction condition was applied in this study. Briefly, 60 mL 
of simulated or real brine was placed in a 100-mL borosilicate glass bottle and preheated 
in a heating bath to 80C.  ZVI powder (0.25 g) was added into this reactor to allow the 
reaction to proceed for one hour. Throughout the reaction, the temperature was maintained 
at 80C and the reaction suspension was stirred by a magnetic stir bar (1.5” × 0.312”) at 
550 rpm. After one hour, the reactor was removed from the heating bath and allowed to 
cool down (unstirred) to the room temperature (25 C). The reacted ZVI was remixed and 
the suspension was taken for the S/S process without filtering out the reacted ZVI.  
3.3.3 Solidification and stabilization 
S/S solid samples were prepared in duplicate using the recipes shown in Table 3.1. 
The weight percentage of each ingredient (i.e., brine, CFA and activating agent) followed 
the optimized condition in the previous study.18 CFA and Portland cement/lime were first 
added into a stainless steel mixer, then simulated brine or real brine (treated or non-treated 
by ZVI) was poured into the mixer, generating a slurry which was mixed for 20 minutes. 
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The resulting paste was poured into a plastic mold and placed in a humid environment for 
curing for exactly 28 days before the leaching tests. 
Table 3.1. Four recipes for the S/S process 
Recipe Coal Fly Ash Activating Agent 
Simulated or 
Real Brine 




2 BCFA (90 g) Lime (15 g) 45 g 




4 SCFA (90 g) Lime (15 g) 45 g 
 
3.3.4 Leaching tests 
Three different leaching tests were conducted to evaluate the performance of various 
S/S solids for heavy metal and/or chloride immobilization. All the glassware used in the 
experiments were rinsed with 5% nitric acid and then DI water, and dried before use. 
U.S. EPA 1311170: For the USEPA 1311 leaching test (i.e. Toxicity Characteristic 
Leaching Procedure, TCLP), each S/S solid block was crushed by a hammer into small 
pieces which were then sifted by a 0.95 cm sifter. Fifty grams of the sifted solids were 
added into 1.0 L of extraction fluid in a plastic bottle. The extraction fluid was prepared by 
diluting 5.9 mL of acetic acid into 1.0 L of DI water. The mixture was then rotated at 30 
rpm for 18 h under room temperature. After settling down, each sample was vacuum 
filtered through 0.45 m acid-washed glass fiber filters.  The filtered extraction fluid was 
acidified by nitric acid (5 mL of nitric acid into 95 mL of filtered extraction fluid) and the 
sample was stored at 4-5 C before analysis.  
 67 
Modified U.S. EPA 1313 171: The USEPA 1313 test is similar to the USEPA 1311 
test except that the final leachate pH is controlled at a target value and nitric acid is used. 
The procedure and apparatus applied in this modified leaching test were the same as those 
of the standard USEPA 1313 method except using a different concentration of acetic acid 
instead of nitric acid in the extraction fluid. The goal of this modified leaching test was to 
target a similar final leachate pH (around 7) among all the S/S solids without changing 
other conditions. To determine the amount of acetic acid needed to add to each of the S/S 
solid to reach the final pH of 7 in the leachate after rotation, pre-titration was conducted 
for each type of solid on a smaller scale (5.0 g of crushed and sieved solids and 0.1 L of 
extraction fluid).  
U.S. EPA 1315 172: The cured S/S solid monoliths generated in this study were 
applied in the long-term leaching test similar to the USPEA 1315 method. Each monolith 
was tied up by a plastic string which was fixed under the cap of a 500-mL plastic bottle. 
The length of the string allowed the solid to hang in the middle of the solution in the bottle. 
It took 480 mL of DI water to fill the bottle, and the final liquid volume (cm3) to solid 
surface area (cm2) ratio was around 9:1. At each sampling time specified in the USPEA 
1315 method, the mass of the solid (with the cap and string whose mass was pre-measured) 
and the pH of the leachate were measured. The leachate was then poured into a container, 
acidified with nitric acid and stored at 4-5 C for further measurements. Fresh DI water 
was added again into the bottle and the same procedure was applied in the next sampling 
time. The leaching tested lasted for a total of 63 days.   
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3.3.5 Analytical methods 
The pH was measured by an Orion StarTM A111 bench-top pH meter. The 
concentrations of heavy metals were detected by a Perkin Elmer 8000 inductively coupled 
plasma – optical emission spectroscopy (ICP-OES) (Waltham, MA). The detection limit 
for was around ppb for Se, 5 ppb for As, 0.2 ppb for Cd and 0.1 ppb for Cr. The washing 
solution used on the ICP-OES was 5% trace-metal-grade nitric acid. The chloride 
concentration was measure by a Dionex ion chromatography (IC) system (Sunnyvale, CA) 
with a detection limit around 100 ppb. The morphology of powdered S/S solids was 
obtained on a Zeiss Ultra60 field emission scanning electron microscopy (FE-SEM) (Carl 
Zeiss, Germany) operated at 5 kV. The crystal phases of the powdered S/S solids were 
analyzed using a PANalytical X’Pert PRO Alpha-1 X-ray diffractometer (XRD) (Almelo, 
Netherlands) at 45 kV and 40 mA, with the Cu Kα radiation (λ = 1.542 Å) and a scanning 
rate of 0.033º per 100 seconds over a 2θ range between 4-70º. The S/S solids powder was 
generated by crushing the solids and sifting through a sieve with a mesh of 90 microns. For 
quantitative XRD, rutile was used as the internal standard (5% by weight) and the Rietveld 
method was applied to obtain the weight percentage of Friedel’s salt, ettringite, and 
amorphous phase. XRD and FE-SEM analyses of S/S solids were done at the Institute for 
Electronics and Nanotechnology Materials Characterization Facility at Georgia Tech. 
3.4 RESULTS AND DISCUSSION 
3.4.1 Short-term leaching results of S/S solids 
3.4.1.1 S/S solids made with simulated metal brine 
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Four different S/S solids (according to recipes in Table 3.1) were subjected to the 
USEPA 1311 and modified 1313 leaching tests, respectively, and the measured pH values 
of the leachate from the samples are shown in Table 3.2. As shown, the leachate from the 
modified 1313 leaching tests had the pH range at 6.6-8.1, lower than the leachate pH range 
of 6.6-11.9 from the USEPA 1311 leaching tests. 
Table 3.2. The pH of leachate after 18 h of rotation in the USEPA 1311 and modified 1313 
leaching tests 
Type of S/S solid 1311 Modified 1313 
BCFA + cement 6.6-7.3 6.6-7.3 
BCFA + lime 9.8-10.2 6.8-7.2 
SCFA + cement 9.7-10.1 7.1-8.1 
SCFA + lime 11.5-11.9 6.9-7.5 
 
The retainment of heavy metals (Se, As, Cd and Cr), evaluated by both leaching tests, 
were compared among the different S/S solid samples as shown in Figure 3.1. The 
retainment was calculated based on equation 1, where Mleachate was the mass of metal in the 
leachate, MMB was the mass of metal introduced from simulated metal brine (MB), and 
MMFB was the mass of metal in the leachate of S/S solids made with metal-free brine 
(MFB). The MMFB value represents how much heavy metals (existed in CFA and activating 
agents, not from brine) could be leached out. The level of heavy metals that could be 
leached from the CFA/PC or CFA/lime without the contribution from the brine were 
evaluated by generating S/S solids with MFB using the same recipes in Table 1 and 
subjecting these solids to the leaching tests. The amounts of Se, As, Cd, and Cr that could 
be leached from the S/S solids made with MFB in the 1311 and modified 1313 leaching 
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tests are shown in Table 3.3. In general, the amounts of background heavy metals were 
quite low compared to those introduced by MB (0.375 mg for Se, 0.015mg for As and 
0.075 mg Cd, respectively). However, a significant amount (104 ppm)18 of Cr existed in 
the PC utilized in this study.   
𝑅𝑒𝑡𝑎𝑖𝑛𝑚𝑒𝑛𝑡 % = (1 −
𝑀𝑙𝑒𝑎𝑐ℎ𝑎𝑡𝑒
𝑀𝑀𝐵 𝑎𝑑𝑑𝑒𝑑+𝑀𝑀𝐹𝐵 𝑙𝑒𝑎𝑐ℎ𝑒𝑑
) × 100%     (eq.1) 
 
 
Figure 3.1. Heavy metal retainment (in %) of different S/S solids evaluated by two 
leaching tests (USEPA 1311 and modified 1313 methods). “MB” represents simulated 
metal brine without ZVI treatment, “MB+ZVI” represents simulated metal brine treated 
with ZVI which was mixed into the S/S process. (a) Selenium; (b) Arsenic; (c) Cadmium 
and (d) Chromium. 
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Table 3.3. Mass of heavy metals (in mg) released by 50.0 g of S/S samples made with 
metal-free brine in 1.0 L of leachate in the USEPA 1311 and modified 1313 leaching tests. 
(S/S solids made according to Table 3.1 recipes) 
Type of S/S 
solid 
Se As Cd Cr 
1311 1313 1311 1313 1311 1313 1311 1313 
BCFA + PC 0.023 0.025 0.003 0.004 0.008 0.007 0.031* 0.043* 
BCFA + lime 0.024 0.031 0.007 0.005 0.002 0.007 0.005 0.006 
SCFA + PC 0.027 0.028 0.002 0.005 0.001 0.001 0.026* 0.107*# 
SCFA + lime 0.003# 0.031 0.001 0.005# 0.001 0.003# 0.006 0.053# 
* Cr level in the leachate was mainly introduced from PC;  
# Higher amounts of acid added enhanced the leaching. 
Figure 3.1a shows the retainment of selenium by different S/S solids. It should be 
noted that at least 65% and 50% of Se immobilized was Se(VI) for BCFA and SCFA S/S 
solids respectively, as introduced from MB (25 ppm Se(VI)), while the oxidation states of 
Se in CFA (7 ppm in BCFA and 14 ppm in SCFA)18 and activating agents were less clear 
and not determined in this study. Results of the 1311 leaching test showed that the S/S 
solids made with BCFA retained only 30-40% of selenium, while S/S solids made with 
SCFA retained 80-96% of selenium. The Se retainment was improved by a modest degree 
when lime was the activating agent instead of PC for both cases of CFAs. The use of lime 
instead of PC in the S/S clearly increased the solids’ leachate pH in the 1311 leaching test 
(Table 3.2). The final pH of the leachate is likely to influence the metal leaching potential. 
Indeed, as Table 3.2 shows, after the 1311 leaching test, the S/S solid made with SCFA 
and lime had the highest final leachate pH at 11.5-11.9 and also the highest selenium 
retainment (96%). However, this S/S solid’s leachate pH was dropped to 6.9-7.5 in the 
modified 1313 leaching test (due to the higher amount of acid added before the leaching 
 72 
test), which led to decrease of selenium retainment to 60% (Figure 3.1a). For the S/S solids 
made with BCFA, the selenium retainment did not differ much in both 1311 and 1313 
leaching tests. This result could be attributed to the similar leachate pHs (around 7) in three 
of the four leaching tests. 
Arsenic (Figure 3.1b) and cadmium (Figure 3.1c) had much lower concentrations in 
the leachate (slightly above or near the detection limit) than selenium due to their lower 
concentrations in MB. Nevertheless, retainment of As and Cd mostly follow the same trend 
as Se in that SCFA and lime gave better retainmant than BCFA and PC. However, 
chromium retainment (Figure 3.1d) showed a different trend. S/S solids with PC added 
leached a much greater amount of chromium than those with lime added, even higher than 
the amount of chromium introduced by the brine (0.015 mg compared to the mass of Cr in 
Table 3.3) and thus leading to an overall negative % retainment. Due to the high 
concentration (104 ppm)18 of Cr in PC, PC is the dominant source of Cr in the leachate. 
Therefore, S/S solids with PC added leached more Cr than those with lime added. 
Meanwhile, the S/S solid made with SCFA and lime also leached a significant higher 
amount of Cr in the modified 1313 leaching test compared to that in the 1311 leaching test 
(Figure 3.1d). The most likely reason to cause this was acid addition in the 1313 test. For 
the final leachate pH to drop from 11.7 to around 7 in the 1313 test, the amount of acetic 
acid added before the leaching test was increased by 2.6 times compared to that in 1311 to 
neutralize the higher alkalinity contributed from SCFA and lime. This higher amount of 
acid likely enhanced the leaching of Cr from the SCFA (64 ppm Cr in SCFA)18. On the 
other hand, the S/S solids with BCFA and lime required only a slightly higher amount of 
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acid in 1313 test compared to that in 1311 test, so the Cr leaching from the ash (141 ppm 
Cr in BCFA)18 was not enhanced significantly.  
From the results in Figure 3.1, it can be concluded that S/S solids made with SCFA 
perform better than BCFA in terms of heavy metal retainment. Overall, SCFA with lime 
has the best performance among the four types of S/S solids. The S/S solid made with 
BCFA and PC has the worst retainment for the heavy metals, which requires other 
improvements on this process to reduce metal leaching potential.  
3.4.1.2 S/S solids made with real brine 
The leaching results of heavy metals from the S/S solids made with real brine 
following the four recipes (Table 3.1) are shown in Figure 3.2. It should be noted that the 
concentration of heavy metals in the leachate are shown because retainment % could not 
be calculated by eq. 1 due to the lack of a metal-free version of RB. Again, S/S solids with 
SCFA released less heavy metals than those with BCFA based on both 1311 and 1313 
leaching tests. Lowering the leachate pH (modified 1313) also resulted in more leaching of 
heavy metals, especially for S/S solids with SCFA, as previously discussed. The 
concentrations of these four heavy metals in RB were much lower than those in MB, and 
thus the heavy metals detected in the leachate were from RB as well as CFA and the 
activating agents (e.g., the mass of Se in the leachate of S/S solid made with BCFA and PC 
is 170% of the mass of Se introduced from RB). Notice that the S/S solid made with SCFA 
and lime achieved the best performance by leaching less than 10 µg/L of all four heavy 
metals combined in the 1311 test. The S/S solid made with BCFA and PC had the worst 
performance by leaching the most amount of heavy metals; even so, the amount of heavy 
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metals leached were still significantly below the maximum concentration of contaminants 
for toxicity characteristics regulated by USEPA170.  
 
 
Figure 3.2. Heavy metal concentrations in the leachate from different S/S solids (made 
with real brine) and leaching tests. “RB” represents real brine without ZVI treatment, 
“RB+ZVI” represents real brine treated with ZVI which was mixed into the S/S process. 
(a) Selenium; (b) Arsenic; (c) Cadmium and (d) Chromium. 
3.4.1.3 Impact of ZVI pretreatment of brines 
The MB and RB were pretreated by ZVI and the treated brines were used to generate 
S/S solids according to the four recipes in Table 1, followed by the 1311 and modified 
1313 leaching tests of the solids. Results of this set of S/S solids in retaining heavy metals 
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are also shown in Figure 3.1 and Figure 3.2 for easier comparison with those without ZVI 
pre-treatment of brines. Based on the 1311 results, pre-treatment of MB by ZVI enhanced 
the retainment of heavy metals for the BCFA S/S solids but not much for SCFA S/S solids, 
primarily because the SCFA S/S solids already performed quite well without ZVI 
pretreatment. According to our previous study189, the ZVI treatment of MB and RB could 
completely remove Se(VI), As(V), Cd(II) and Cr(VI) from the liquid brine due to reduction, 
precipitation and/or adsorption of heavy metals to ZVI and iron precipitate particles. 
Therefore, the ZVI-pretreated brines likely contributed only very trace amounts of heavy 
metals in the aqueous phase in the S/S process. However, since the reacted ZVI was not 
filtered from the pre-treated brines in this study, it was possible that the reduced heavy 
metals bound on ZVI and iron precipitates could be released into the leachate if the reacted 
ZVI and/or iron precipitates were corroded by acids in the leaching tests.  
As shown in Figure 3.1a, ZVI pretreatment greatly enhanced the retainment of Se by 
BCFA S/S solids from 30-40% to 85-95%, likely due to the effective removal of Se(VI) 
by ZVI in MB. Regarding the impact of lower leachate pH, Figure 1a shows that ZVI pre-
treatment of brine could help maintain the high retainment of Se in the S/S solids even the 
leachate pH was lowered significantly in the 1313 leaching test.  
The retainment of As (Figure 3.1b) and Cd (Figure 3.1c) was also improved by ZVI-
pretreatment of MB, but the impact was less pronounced compared to Se because the 
concentrations of As(V) (1 ppm) and Cd(II) (5 ppm) in the metal brine were much lower 
than that of Se(VI) (25 ppm). Moreover, the level of As and Cd detected in the leachate of 
S/S solids made with the pretreated brine was very close to that from the S/S solids made 
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with MFB, indicating that the leaching of As and Cd was probably more related to CFA 
and activating agents, not the pretreated brine.  
The retainment of Cr (Figure 3.1d) by S/S solids with PC addition was also greatly 
enhanced, not only by the ZVI-pretreatment of brine, but also the introduction of reacted 
ZVI into the S/S solids. For example, for the S/S solid made with BCFA and PC, the Cr 
retainment in 1311 leaching test was increased by almost 60% by ZVI, but the complete 
removal of Cr(VI) (1 ppm) in the brine could at most account for 30% of increase in 
retainment. Therefore, the additional retainment of Cr (from PC) was likely due to the 
reacted ZVI introduced into the S/S mixture, indicating that the reacted ZVI was still 
reactive for Cr removal during mixing in the S/S process. In analogy, such contribution of 
reacted ZVI in the S/S mixture for enhanced retainment likely also occurred for the other 
heavy metals. Our previous study189 indicated that when the ZVI was applied to treat the 
MB at 80 C for one hour, green rust (GR) was generated which could remove heavy metals 
including selenate, arsenate, cadmium and chromate. As long as GR was stable and Fe0 
was not depleted, the Se(VI) in brine could be completely removed in less than one hour 
while Cd(II), As(V) and Cr(VI) could be completely removed within one minute. The 
majority of the GR formed remained stable even during the one hour when the reaction 
mixture of ZVI and brine was cooled down to the room temperature. Thus, mixing this 
reacted ZVI (with GR formation) with CFA and activating agent in the S/S process 
provided GR that could facilitate the immobilization of heavy metals in the S/S slurry.  
Figure 3.2 shows that ZVI pretreatment of RB also enhanced the retainment of heavy 
metals in the S/S solids, leading to lower concentrations of Se, As, Cd and Cr in the leachate 
compared to those without ZVI pretreatment of RB. Note that the improvement brought 
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about by ZVI pretreatment of brine was not as obvious as it appears in Figure 3.1 in the 
case of MB; this was partly due to the much lower concentrations of heavy metals in RB 
than in MB (Table 3.1) and thus the difference was not as easy to be seen.  
3.4.2 Long-term leaching results of S/S solids 
Although short-term leaching tests provide a fast evaluation of the S/S solids for 
heavy metal immobilization, the 1311 and 1313 tests involved crushing the solids and 
rotating the sample during the test which is not realistic considering the actual landfills’ 
conditions. Therefore, the long-term leaching test (the USEPA 1315 method) was utilized 
to evaluate the leaching potential of heavy metals and chloride using the monolith of the 
S/S solid and refreshing the extraction fluid over the time to better simulate the landfills’ 
conditions. The physical properties of the monoliths are shown in Table 3.4. During the 
1315 leaching test, it was found that the change of mass of S/S solid blocks was almost 
negligible over the 9 weeks of leaching test (Table 3.4). As shown in Figure 3.3a, during 
the 9-week span, the pH of leachate from the four types of S/S solids gradually increased 
from 10.0–10.5 and peaked to 11.5–12.0 at around the fourth week, and then decreased 
slightly afterwards to 11.0–11.5, likely due to the consumption of alkalinity from refreshing 
the extraction fluid (DI water). The leachate of SCFA S/S solids had higher pH values than 
those of BCFA S/S solids due to the higher lime content in the SCFA.  For the same CFA, 
lime addition also yielded higher leachate pH than PC addition. 
Table 3.4. Physical properties of S/S monoliths tested in USEPA 1315 leaching test 








BCFA + cement 50.0-50.3 27.7 54.1 1.81-1.82 
BCFA + lime 49.8-50.0 30.5 56.7 1.63-1.64 
SCFA + cement 49.8-50.2 26.3 52.8 1.89-1.91 
SCFA + lime 49.7-49.8 27.7 54.1 1.79-1.80 
 
The leaching of chloride and heavy metals was monitored during the long-term 
leaching test. Figure 3.3b shows the cumulative chloride release (mg/m2) over the 9 weeks. 
Overall, the BCFA S/S solids leached more chloride than SCFA S/S solids. Within the 
same type of CFA, samples with lime addition retained more chloride than those with PC 
addition. Note that the significant leaching of chloride was mainly due to its high 
concentration (80,000 ppm) from the simulated MB. While part of the chloride could be 
bound within certain mineral phases formed in the S/S solids (see discussion in the next 
section), most of the chloride likely remained loosely bound on the surfaces and/or inside 
of the S/S solids, due to the high abundance of chloride. Once exposed into the DI water, 
the chloride adsorbed on the solid surfaces was washed off rapidly, as represented by the 
initial high chloride release at 2 hours (0.083 day in Figure 3.3b). As the leaching test 
proceeded with longer time, the chloride leaching gradually tapered off (shown in log 
scale), indicating the concentration difference of chloride between the S/S solid and the 
extraction fluid (DI water) became smaller. Overall, the S/S solid made with BCFA and 
PC had the most chloride leaching, while the S/S solid made with SCFA and lime had the 
lowest chloride leaching, with about 50% versus 15% of total chloride from MB leached 
after 63 days. For the same type of CFA, S/S solids with PC addition leached more chloride 
than S/S solids with lime addition. 
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In terms of heavy metal leaching, the concentrations of heavy metals found in the 
1315 leachate of the S/S solids were always quite low and sometimes near the detection 
limits throughout the leaching test. The results of Se and Cr are shown in Figure 3.3c and 
3.3d. Arsenic and cadmium concentrations in the leachate were below the detection limits 
and thus they were well immobilized in the S/S solids with negligible leaching potential. 
In general, the leaching of Se showed a similar trend as the leaching of chloride among the 
four types of S/S solids. S/S solids made with BCFA leached more selenium than those 
with SCFA. Lime addition was better than PC addition for Se immobilization. For 
chromium leaching (Figure 3.3d), S/S samples with PC added leached considerably more 
chromium, due to the chromium existed in the PC as discussed previously. In contrast, S/S 
samples with lime added (either SCFA or BCFA) leached only trace amounts of chromium, 
suggesting that chromium from the brine and either type of ash could be well immobilized 
in this S/S process. 
Notice that the leaching curves of Se and Cr did not plateau at the longer leaching 
time like chloride did, but kept increasing. This behavior suggested that the leaching of Se 
and Cr was not diffusion-controlled, but was more likely related to the dissolution or 
exchange reaction of mineral phases in the S/S solids which could retain these heavy metals 
(see more discussion in the next section). Even with measurable leached concentrations, 
the amounts of Se and Cr leached at the end of 63 days were still quite low. For example, 
the amount of Se leached was 5-10% of the total Se in MB for the four S/S solids after 9 
weeks. Therefore, the heavy metals from the brine were greatly immobilized by the S/S 
process, especially for the samples made with SCFA.  
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Figure 3.3. Results of the USEPA 1315 leaching test of S/S solids made from simulated 
MB with 4 different recipes: (a) Change of pH of leachate over 9 weeks, and Cumulative 
mass release of: (b) chloride, (c) selenium and (d) chromium over time. 
3.4.3 Mineralogy of the S/S Solids 
The S/S solids made from simulated MB using the four different recipes in Table 3.1 
were evaluated for mineralogy by XRD prior to leaching tests. As shown in Figure 3.4, 
several phases in the S/S solids were confirmed by the XRD analysis, including ettringite 
(Et), Friedel’s salt (FS), quartz (Q), gypsum (G), mullite (M), periclase (P) and calcite (C). 
Notably, both ettringite (an AFt phase, or triphase) and Friedel’s salt (an AFm phase, or 
monophase) were present in all the samples, but the presence of Friedel’s salt was not very 
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significant in the S/S solid made with BCFA and PC compared to the other S/S solids. 
Meanwhile, the S/S solid with BCFA and PC exhibited the worst heavy metal and chloride 
immobilization as discussed in the previous sections. 
 
Figure 3.4. XRD spectra of four different S/S solids made with simulated metal brine. 
Both monophase (Ca2(Al,Fe)(OH)6).X·xH2O) and ettringite 
(Ca6Al2(OH)12(SO4)3⋅26H2O) are important phases for heavy metal immobilization.81 
Comparatively, monophase has the higher affinity to adsorb heavy metal oxygen anions 
such as selenate compared to ettringite.113 Different monophases are denoted by AFm-X, 
where X is an anion of CO3
2-, Cl-, OH-, or SO4
2-. AFm-Cl is known as Friedel’s salt.125  
Ettringite is denoted by AFt-SO4.
156 The AFm phase structure consists of positively 
charged Ca2[Al(OH)6]
+ layers, producing a net charge imbalance.125, 128 Anions (X) occupy 
the area between the layers of Ca2[Al(OH)6]
+ to balance the mineral’s charge.125, 128 The 
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exchange of anions in the interlayers with external anions is typically highly favored.125, 
128 Because chloride is the dominant anion in the FGD brine in terms of concentration (i.e. 
80,000 ppm in MB this study), the dominating AFm phase to be formed during the S/S 
process is expected to be  Friedel’s salt. Ettringite has a column-like structure with inter-
channels containing anions and water molecules. Ettringite can also remove oxyanions 
through anion exchange.117, 149, 157-158 
Regarding SeVI immobilization, previously Baur and Johnson had studied the 
sorption of SeVI to AFm-SO4 and AFt-SO4 through synthesis of the minerals and contact 
them with SeVI in aqueous solution.113 There was weak sorption to AFt-SO4 (Rd = 0.03), 
but strong sorption of SeVI to AFm-SO4 (Rd = 2.06), indicating that solid rich in AFm-SO4 
would significantly immobilize SeVI.113 Through XRD analysis, the authors determined 
that SeVI sorption increased the Ca2[Al(OH)6]
+ layer spacing due to SeO4
2- replacing for 
SO4
2- as the primary mechanism of SeVI immobilization.113 Another study by Wu et al. 
demonstrated that AFm-Cl effectively and rapidly removed SeVI from aqueous solutions 
through surface adsorption and SeO4
2- exchanging for Cl- in the interlayers.126 In general, 
AFm phases have shown significant affinity for immobilizing oxyanions, such as SeVI, AsV 
and CrVI, through anion exchange.125-128  
 Besides metal removal, AFm-Cl formation in S/S has been proposed to bind Cl- in 
high salt waste.129-131 Lampris et al. attempted to S/S municipal solid waste incineration 
(MSWI) fly ash with Cl- content of 130,000−220,000 ppm using PC with the aim to 
immobilize Cl- through AFm-Cl formation.130 In 72-day tank leaching tests, the authors 
observed Cl- releases at 40-50% even with PC addition up to 50%.130 In contrast, AFt 
phases have the ability to bind SO4
2-, but not Cl-.131  
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To assess the importance of Friedel’s salt and ettringite in the S/S solids for 
immobilization of heavy metals and chloride, quantitative XRD using the Rietveld method 
was applied to the S/S samples to determine the weight percentage of these two minerals, 
as shown in Table 3.5. Based on the results, samples with lime addition had much higher 
Friedel’s salt formation and less amorphous phase compared to the samples with PC 
addition using the same type of CFA. S/S samples with SCFA obviously had higher 
Friedel’s salt formation and less amorphous phase compared to the S/S samples with 
BCFA. Lime addition and the lime content in the SCFA provided adequate alkalinity to 
enhance the speed of pozzolanic reaction. Reactive aluminate phase in the SCFA also 
provided Al for the formation of AFm phases. 
Table 3.5. Weight percentage of Friedel’s salt, ettringite and amorphous phase in the S/S 
solids before leaching test 
Type of S/S solid Friedel’s Salt% Ettringite% Amorphous% 
BCFA + cement 4.9% 5.8% 64.9% 
BCFA + lime 15.0% 1.1% 57.5% 
SCFA + cement 27.9% 7.0% 43.6% 
SCFA + lime 40.4% 4.0% 29.2% 
 
Combining this result (Table 3.5) and the long-term leaching result shown in Figure 
3.3, one can see that the retainment of chloride and selenium are closely corelated to the 
formation of Friedel’s salt. Samples with more Friedel’s salt formation retained more 
chloride. By plotting the % of Friedel’s salt in the solids vs. the cumulative chloride 
leaching (Figure 3.5a), a linear relationship with a R2 value of 0.989 was obtained. 
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Therefore, the formation of Friedel’s salt is likely to be the primary chloride binding 
mechanism. By plotting the % of Friedel’s salt in the solids vs. the cumulative Se leaching 
(Figure 3.5b), a linear relationship with a R2 value of 0.979 was obtained. This result 
strongly suggested that the formation of Friedel’s salt was also likely to be the primary 
selenate immobilization mechanism. 
 
Figure 3.5. Relationship of Friedel’s salt weight percentage in the S/S solids vs. the total 
leaching of (a) chloride and (b) selenium from the EPA 1315 leaching test. (Note: In Figure 
S2a, the cumulative chloride leaching percentage was calculated based on the total mass of 
chloride leached over 63 days and the total mass of chloride introduced from the simulated 
metal brine. The chloride from CFA and activating agent were ignored due to the 
significant amount of chloride in the simulated metal brine (80,000 ppm)). 
Figure 3.6 shows the XRD spectra of the S/S solid made from RB with SCFA and 
lime before and after the 1311 and modified1313 leaching tests, respectively. It is clearly 
seen that, after the 1311 leaching test when the final pH of the leachate was 11.7, the peaks 
of ettringite were no longer present. After the modified 1313 leaching tests when the final 
pH was around 7.7, the peaks of both ettringite and Friedel’s salt were no longer present. 
The pH domain for the stability of various AFm and AFt phase have been reported.150-154 
In general, both phases are less stable when the pH is less than 11. After the 1311 leaching 
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test, both ettringite and Friedel’s salt dissolute to a certain extend. Ettringite has a much 
smaller weight percentage than Friedel’s salt, so its peak disappeared while a significant 
amount of Friedel’s salt still remained. After 1313 leaching test, both peaks disappeared 
because they were both destructed due to dissolution at pH 7.7. The disappearance of these 
peaks after leaching combined with the result of more Se leaching after the modified 1313 
leaching test strongly suggested that the Friedel’s salt formed in the S/S solids accounted 
the most for the Se retainment. During the long-term leaching test, as the pH dropped over 
time (Figure 3.3a), the stability of Friedel’s salt could be affected which could result in 
selenium and chromium leaching in the later stage.  
 
Figure 3.6. XRD spectra of S/S solids made from SCFA and lime with real brine before 
and after leaching tests. 
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The S/S solids made from the SCFA and lime with RB before and after the modified 
1313 leaching tests were analyzed using FE-SEM. Figure 7a shows the S/S solid before 
leaching tests. It can be seen that there were some needle shaped structures which resemble 
the shape of ettringite, and some hexagonal flakes which resemble the shape of Friedel’s 
salt. However, these particular shapes were not seen in the S/S solid after the leaching test, 
as shown in Figure 7b. These results were in good agreement with the results from XRD 
analysis. 
 
Figure 3.7. SEM image of S/S solid made of SCFA and lime with RB before (a) and after 
(b) modified 1313 leaching test (same scale applies on both images). 
 
3.5 CONCLUSIONS 
Results of this study show that the co-disposal of FGD brine with CFA via a S/S 
process is a promising ZLD method. The S/S solids using SCFA performed better in terms 
of heavy metal (Se(VI), As(V), Cd(II) and Cr(VI))  and chloride immobilization than the 
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S/S solids using BCFA. Furthermore, SCFA with lime had the best performance compared 
to using PC as the activating agent. Considering the lower performance of BCFA in S/S 
for heavy metal immobilization, pre-treatment of brine by ZVI prior to the S/S process 
could significantly enhance the retainment of heavy metals. The formation of Friedel’s salt 
in the S/S solids played a major role in the retainment of heavy metals and chloride. 
However, Friedel’s salt was stable at high alkaline pH (≥11), leading to potential concerns 
of heavy metal leaching in the real landfills when more acidic conditions are encountered. 
Based on the results from this work, the performance of this ZLD method dealing with 
BCFA could be further enhanced by three approaches: (1) combining the S/S process with 
a reduction process (e.g. pre-treatment of brine by ZVI); (2) increasing the formation of 
Friedel’s salt (or AFm phase) by optimizing the mixing recipe; and (3) adjusting the mixing 
recipe to decrease the permeability of the bulk S/S solid, which could affect the stability of 





CHAPTER 4. MINERALOGY OPTIMIZATION FOR METAL 
AND CHLORIDE IMMOBILIZATION IN CO-DISPOSED FLUE 
GAS DESULFURIZATION BRINES AND BITUMINOUS COAL 
FLY ASH  
4.1 ABSTRACT 
Increasing treatment regulations for coal combustion residues and wastewater 
generated at coal-fired power plants resulted in the implementation of zero liquid discharge 
(ZLD) treatment options. A novel ZLD treatment method which couples the concentrated 
flue gas desulfurization (FGD) brine with a solidification/stabilization (S/S) process using 
coal fly ash and Portland cement was developed and further optimized. Previous work 
demonstrated that S/S process with bituminous coal fly ash (BCFA) required further 
optimization and identified that Friedel’s salt was the key mineral for the immobilization 
of Se(+VI) and chloride. This study further optimized the mineralogy of the S/S solids in 
co-disposed FGD brines and BCFA for metal and chloride immobilization. S/S solids made 
by various mixing recipes and conditions were subject to long-term leaching test and 
quantitative X-ray diffraction (QXRD) analysis. Addition of reactive aluminate and 
adequate amounts of lime could enhance the formation of Friedel’s salt, which is capable 
of binding halides and heavy metal oxyanions. S/S samples made with 10% lime, 2.5% 
sodium aluminate, 30-35% of FGD brine and 52.5-57.5% of BCFA (by mass) could retain 
the majority of halides (>50%), selenate (>90%), arsenate (>99%) and chromate (>99%) 
from the brine after 9 weeks of leaching tests. Addition of gypsum could enhance the 
formation of ettringite, which is capable of binding borate. However, higher ettringite 
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formation did not enhance the immobilization of halides and selenate. The hydraulic 
conductivity of the S/S solids could be another important factor for contaminant leaching 
because it could affect the stability of Friedel’s salt under leaching condition. Meanwhile, 
it could also govern the immobilization of halides because the halide concentration from 
the brine exceeded the binding capacity of Friedel’s salt.  
4.2 INTRODUCTION 
The United States coal-fired power industry faces increasing demands to improve 
solid waste and wastewater disposal practices.4 Over 130 Mt of coal ash are produced 
annually in the U.S. and more than half are disposed in landfills or surface 
impoundments.184 The disposal of coal ash poses environmental risks due to elevated levels 
of heavy metals in these wastes and potential to leach. The ashes may become more 
contaminated as the recently implemented Mercury and Air Toxics Standards (MATS) for 
flue gas emissions control is expected to transfer more mercury and other metal pollutants 
to fly ash. Furthermore, incidents of coal ash pond spills, such as at the Tennessee Valley 
Authority’s Kingston station in 2008 and Duke Energy’s power plants near the Dan River 
in North Caroline in 2014, have prompted the industry to move toward all dry disposal of 
fly ash.   
In addition to coal ash, the flue gas desulfurization (FGD) purge wastewaters at coal-
fired power plants contain significant concentrations of heavy metals (e.g. Se, As, Cr, Cd 
and Hg) and large amounts of salts (e.g. Cl-, Ca2+, Mg2+, Na+ and SO4
2-),1 which will 
contaminate receiving water bodies if discharged without proper treatment. Recently, the 
USEPA released (but postponed) Steam Electric Power Effluent Limitation Guidelines 
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(ELG Rule), which sets stringent limits on As, Hg, Se and other pollutants’ release to the 
environment from FGD wastewater.6 
Thus, coal fly ash (CFA) and FGD wastewater are both major wastes generated at 
coal-fired power plants and in urgent needs for more effective disposal strategies to 
minimize negative environmental impact. The zero-liquid discharge (ZLD) options for 
FGD wastewater have gained significant interest because of the elimination of 
environmental wastewater discharge and water reuse maximization in power plants. For 
that, we have developed a novel ZLD method by coupling brine concentration with a 
solidification/stabilization (S/S) process through co-disposing FGD brine with CFA and a 
pozzolanic agent (e.g. Portland cement (PC) or lime). We have demonstrated the promising 
success of this ZLD method in retaining heavy metals and producing stabilized S/S solids 
with low leaching potential.18, 190-192 Our ZLD approach is highly attractive with several 
advantages: (1) lower costs with much lower energy demands than the traditional ZLD 
methods, (2) enhanced immobilization of metals and salts in the generated solids for safer 
landfill disposal, and (3) simultaneous stabilization and disposal of two major wastes (i.e. 
FGD brines and CFA) from the coal-fired power plants. In this approach, CFA is 
beneficially utilized to encapsulate FGD brines and in turn stabilized within the same 
process, which is highly positive for the industry.  
Among the heavy metals, oxyanions in their most oxidized forms, such as CrVI and 
SeVI, are typically difficult to immobilize. SeVI is shown by our and other studies to be the 
most difficult heavy metal to immobilize due to high solubility and lack of sorption to most 
mineral surfaces.1, 18, 190-192 Indeed, our previous works demonstrated that S/S using 
bituminous coal fly ash (BCFA) can achieve good retainment for AsV, CdII, HgII and SeIV; 
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however, good retainment of CrVI and SeVI oxyanions requires addition of a reductant such 
as FeSO4 (FS) or a pretreatment of brine by ZVI.
18, 189 However, it’s challenging to further 
increase the retainment efficiency without a reduction process.18, 190-192 In contrast, S/S 
using sub-bituminous coal fly ash (SCFA) can effectively immobilize SeVI, even without a 
reduction process. It was determined that the enhanced formation of Friedel’s salt (AFm-
Cl) and its good capacity to uptake SeO4
2- was responsible for the immobilization of SeVI 
in the SCFA S/S solids.  
In addition, Friedel’s salt immobilizes chloride and thus reduces chloride leaching 
from the S/S solids.189 Reducing the release of chloride from the coal-fired power plant 
wastes is desired because elevated chloride levels can adversely affect freshwater biota.193-
196 Besides chloride, bromide has also become a concern since it has been widely used for 
mercury control.132 By adding bromide salts into the coal combustion unit, bromide will be 
oxidized to bromine, which will oxidize the elemental mercury into HgBr2 which is a more 
water-soluble compound and can be easily removed by the FGD system.132 Mercury that 
ended up in the FGD wastewater will need to be further treated, whereas bromide is not 
regulated and commonly discharged into the environment. Therefore, it may be reasonable 
to expect that the bromide concentration in the downstream waterbodies has the potential 
to increase over time as more FGD systems and bromide-based mercury control measures 
are applied across coal-fired power plants to meet the USEPA regulations for Hg control. 
This elevated bromide concentration has the potential to increase the formation of 
brominated disinfection byproducts (DBPs), which are of greater health concerns than the 
chlorinated DBPs,133-134 at water treatment plants impacted by bromide discharge from 
upstream coal-fired power plants. Therefore, it is important for upstream coal-fired power 
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plants to consider bromide control measures if there are water treatment utilities at 
downstream.132 
Besides Friedel’s salt, ettringite (Ca6Al2(OH)12(SO4)3⋅26H2O), was also detected in 
the S/S solids. Although ettringite does not bind chloride78 and it has a weak affinity to 
SeO4
2- compared to the AFm phase113, it has a great affinity to bind borate.140, 149 Although 
boron is not currently regulated in ELG or drinking water standards and has shown limited 
adverse effect on humans, it is still harmful for humans to be exposed to it over a long 
time.135 Boron leached from coal combustion residuals (CCRs) is considered one of the 
major sources of boron in the environment.135 The behavior of boron during coal 
combustion is consider as a two-step process: volatilization and heterogeneous 
condensation. During combustion, most boron compounds are volatilized to the gaseous 
phase. Some volatilized boron compounds are enriched into the clinker and CFA, while 
the remaining boron will be completely absorbed by the wet FGD system since most boron 
compounds are water soluble. 135 Boron is very often associated with the smallest particles 
in the coal ash, accumulated on the water-soluble fraction of the particle surface, and 
therefore has a very high leaching rate.141-143 Therefore, the retainment of borate will also 
be a desired goal for the S/S process.  
While BCFA is less effective than SCFA for SeVI immobilization, unfortunately 
power plants that burn bituminous coal have more difficult FGD wastewater problems than 
sub-bituminous coal plants. Because bituminous coal contains higher sulfur content than 
sub-bituminous coal, bituminous FGD systems generate a larger volume of wastewater 
with more concentrated salts and heavy metals.4 Approximately 45.6% of the coal 
produced in the US is bituminous and 45.4% is sub-bituminous, with 93% of the coal 
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utilized for energy production.109 It will not be feasible to utilize SCFA from other sub-
bituminous plants for FGD wastewater at a bituminous plant due to significant 
transportation costs and the fact that SCFA commands a higher beneficial reuse value. 
Hence, developing an optimum S/S process for FGD brines and BCFA from bituminous 
coal plants is particularly needed. This research project aimed to address this need, with 
the goal to optimize the immobilization of heavy metal oxyanions, particularly SeVI, and 
Cl- in concentrated FGD brines through S/S with BCFA, by enhancing the formation of 
desired phases in the S/S solids. As the AFm phase plays a crucial role in the 
immobilization of SeVI and Cl-, it is important to review the possible factors that can 
influence the minerology of the S/S solids. 
In this work, the impact of pH, temperature, and the addition of lime, reactive Al2O3, 
and gypsum on the mineralogy of the BCFA S/S solids were evaluated. Quantitative XRD 
was conducted to determine the weight % of desired phases which was then used to 
correlate with the long-term leaching test results.  
4.3 EXPERIMENTAL SECTION 
4.3.1 Chemicals and Materials 
The bituminous CFA (BCFA) used in this study was obtained from a bituminous 
coal-fired power plant in the southeastern United States. The characterization and metal 
concentrations of the BCFA and SCFA samples were determined and reported by the 
previous study.190 Sodium aluminate (NaAlO2, technical grade), hydrated lime (Ca(OH)2, 
98%), quick lime (CaO, 99.5%), and gypsum (CaSO4·2H2O, 98+%) were purchased from 
Fisher Scientific (Hampton, NH). All chemicals were used as received.  
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All chemicals used for making the simulated FGD brines were in analytical grade 
and used as received. Sodium selenate (Na2SeO4), sodium arsenate heptahydrate 
(Na2HAsO4·7H2O), cadmium chloride (CdCl2), and sodium chromate (Na2CrO4), were 
purchased from VWR (Radnor, PA). Calcium chloride dihydrate (CaCl2·2H2O), sodium 
chloride (NaCl), magnesium nitrate hexahydrate (Mg(NO3)2·6H2O), magnesium chloride 
hexahydrate (MgCl2·6H2O), magnesium sulfate heptahydrate (MgSO4·7H2O), boric acid 
(H3BO3) and sodium bromide (NaBr) were purchased from Fisher Scientific (Hampton, 
NH). The simulated brines were produced by dissolved the above-mentioned salts in 
ultrapure deionized (DI) water generated from a Milli-Q nanopure water purification 
system. The pH of the brine was around 5.9. 
To study the removal of bromide and boron, a modified version of the simulated 
brine (noted as “brine B” in the Results and Discussion section, pH was also around 5.9) 
was made by spiking in 25 ppm of borate (originally not added), and 8,000 ppm bromide 
(originally 1,312 ppm). Also, chromate concentration was increased to 25 ppm (originally 
1 ppm) because 1 ppm of chromate was completely removed from all the previous samples 
after S/S. The chromate concentration was increased to a higher level for evaluating the 
impact of various mixing recipes on chromate removal. The brine B was applied when the 
effect of hydrated lime versus quick lime was studied. The compositions of the original 
simulated FGD brine (“brine A”) and the modified simulated brine (“brine B”) are shown 
in Table 4.1.  
Table 4.1. Characteristics of the simulated FGD brine A and brine B. 





TDS 126,000 (A); 133,700 (B) Mg 9,340 (A and B) 
Chloride 80,000 (A and B) Se(VI) 25 (A and B) 
Nitrate 300 (A and B) As(V) 1.0 (A and B) 
Bromide 1,312 (A); 8,000 (B) Cd(II) 5.0 (A and B) 
Ca 57,580 (A and B) Cr(VI) 1.0 (A);25 (B) 
Na 990 (A); 2940 (B) B(III) 25 (B only) 
 
4.3.2 Generation of the S/S Solids 
Various weight percentages of BCFA, simulated FGD brine A or brine B (30% and 
35%), lime or quick lime (5% and 10%), sodium aluminate (0%, 2.5%, and 5%), and 
gypsum (0%, 2.5%, and 5%) were mixed. The BCFA, simulated brine, and additives were 
added together to a stainless-steel bench-scale mixer and mixed immediately for 
approximately 10 min. To test the effect of brine temperature, the brine was heated to 80C 
using a hot plate and then poured into the mixer immediately. Part of the resulting mixing 
slurry was poured into cylindrical plastic containers (48 mm (diameter)  60 mm), and 
cured in a humid environment for 14 days before conducting the USEPA 1315 leaching 
test. Some of the cured S/S solids were stored under vacuum (500 mmHg) and used later 
for QXRD measurements within 3 days after the curing of the S/S solids. To prepare the 
QXRD samples, S/S solids were crushed and then sifted through a sieve with a mesh of 90 
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microns. Rutile was then added as an internal standard (5% by weight) and the QXRD was 
done on the same day. 
4.3.3 Long-term Leaching Test 
The cured S/S solid monolith was applied in the USEPA 1315 leaching test. The 
solid block had a mass of 50 g with a total surface area of 54 cm2. The solid block was tied 
up by a plastic string which was fixed under the cap of a 500-mL plastic bottle. The length 
of the string allowed the solid to hang in the middle of the bottle. It took 480 mL of DI 
water to fill the bottle, and the final liquid to solid surface area ratio was around 9:1.  At 
each sampling time specified in the method, the mass of the solid and the pH and 
conductivity of the leachate were measured.  The leachate was then poured into a container, 
acidified with nitric acid and stored in refrigeration for further measurements. Fresh DI 
water was added again into the bottle and the same procedure was applied in the next 
sampling time. 
4.3.4 Hydraulic Conductivity Test 
Selected samples were cured separately for the hydraulic conductivity test. The 
mixing recipe for these samples are shown in result section 4.4.6. The preparation of these 
samples was same as described in 4.3.2. After curing, the samples were sent to a 
commercial lab who applied the American Society for Testing and Materials (ASTM) 
method d5084.  
4.3.5 Analytical Methods 
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The pH was measured by an Orion StarTM A111 bench-top pH meter. The 
concentrations of heavy metals were detected by a Perkin Elmer ICP-OES 8000 instrument 
(Waltham, MA). The washing solution used for ICP was 5% trace-metal-grade nitric acid. 
The concentrations of halides were measure using a Dionex ion chromatography with 
conductivity measurement (Sunnyvale, CA). The minerology of the S/S solids was 
analyzed by quantitative XRD (QXRD) using the Rietveld method to obtain the weight 
percentages of Friedel’s salt and ettringite, respectively.  
4.4 RESULTS AND DISCUSSION 
Based on many tests in our previous study, the optimal mixing ratio for solidification 
and stabilization is approximately 30% of brine, 60% of BCFA and 10% of activating agent 
by mass. In this study, addition of extra additives or change of the amount of activating 
agent were conducted to systematically evaluate the impacts on the S/S solid mineralogy. 
Thus, the change of the weight percentage of the additives or lime was compensated by the 
weight percentage of BCFA, while the weight percentage of brine remained unchanged. 
The S/S solids with 30% of brine were tested first and the recipes utilized are shown in 
Table 1. This set of samples were designed to study the effect of each additive (sodium 
aluminate or gypsum) on the minerology of the final S/S solids with either 10% or 5% of 
lime. Sodium aluminate is a good source of active aluminum for the formation of Friedel’s 
salt, while gypsum provides sulfate for the formation of ettringite.          
Table 4.2. Mixing recipes for S/S solids with 30% of brine. SA = sodium aluminate; G = 
gypsum 
Sample # Brine A BCFA Lime Additives 
 98 
1 30% 60% 10.0% Not added 
2 30% 57.5% 10.0% 2.5% SA 
3 30% 57.5% 10.0% 2.5% G 
4 30% 55.0% 10.0% 
2.5% SA 
and 2.5% G 
5 30% 62.5% 5.0% 2.5% SA 
6 30% 62.5% 5.0% 2.5% G 
7 30% 60.0% 5.0% 
2.5% SA 
and 2.5% G 
 
One issue noticed within this group of samples was that, when sodium aluminate was 
added at 2.5% weight (Samples #2, 4, 5, and 7 in Table 4.2), the S/S mixtures became too 
dry and the monoliths produced after curing had significant holes and cracks. Therefore, it 
was deemed necessary to increase the brine weight percentage (to 35%) to compensate for 
the water demand by aluminate additive, and the modified recipes are shown in Table 4.3. 
Furthermore, the new recipes were also employed in additional tests using a modified 
simulated brine (“Brine B” in Table 4.1), hot brine (80 C) or quick lime for comparison, 
as shown in Table 4.2.  The results from the quantitative XRD (QXRD) analysis for each 
S/S solid sample are also included in Table 4.3. 
Table 4.3. Mixing recipes of S/S solids and their corresponding QXRD results. SA = 
sodium aluminate; G = gypsum FS = Friedel’s salt, and Et = ettringite 
Sample # Brine BCFA 
Lime/ 
Quick lime 
Additives FS% Et% 
1 30% 60.0% 10.0% lime Not added 15.0 1.1 
2 35% 55.0% 10.0% lime Not added 12.4 0.9 
3 35% 52.5% 10.0% lime 2.5% SA 22.7 0.6 
4 35% 52.5% 10.0% lime 2.5% G 10.1 12.9 
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5 35% 50.0% 10.0% lime 
2.5% SA and 
2.5% G 
23 10.6 
6 35% 57.5% 5.0% lime 2.5% SA 6.0 4.2 
7 35% 57.5% 5.0% lime 2.5% G 0.5 3.7 
8 35% 55.0% 5.0% lime 
2.5% SA and 
2.5% G 
8.4 11.1 
9 hot 30% 60.0% 10.0% lime Not added 14 1.1 
10 hot 35% 52.5% 10.0% lime 2.5% SA 22.5 1.2 
11 hot 35% 50.0% 10.0% lime 





































50.0% 10.0% lime 
2.5% SA and 
2.5% G 
24.2 9.7 
Most experiments used Brine A, except those used Brine B. Hot brine: 80 C. 
The 17 samples shown in Table 4.3 were subjected to the USEPA Method 1315 long-
term leaching test and the results are shown in Figures 4.1 – 4.6, which will be discussed 
along with the QXRD results in the sections below. Note that for heavy metals’ leaching, 
only selenate could be detected in the leachate. Other heavy metals (i.e., arsenate, 
chromate, and cadmium) were close to complete removal with concentrations in the 
leachate either non-detectable or close to the analytical instrument (ICP and IC) detection 
limits, so their data are not reported. The excellent retainment of these heavy metals could 
be related to both monophase and ettringite. Zhang and Reardon studied the uptake of B, 
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Cr, Mo and Se by ettringite and OH--substituted hydrocalumite (AFm-OH).149 They found 
that the anion uptake rate by monophase is higher than ettringite. Ettringite shows an anion 




2-, while hydrocalumite shows 
an opposite trend. McCarthy also reported that, through the synthesis of borate- and 
selenate-substituted ettringite, >95% of the borate and selenate could be removed from the 
hydration solution.156 Klemm and Bhatty reported that when arsenate, chromate and 
selenate are in the hydration solution, arsenate shows a greater affinity to form ettringite 
than selenate and chromate, while the latter oxyanions incorporate into ettringite at equal 
molar ratio. However, when sulfate is present, it dominates other oxyanions for the 
formation of ettringite. Sulfate could also replace oxyanions in the substituted ettringite.157 
Albino reported the formation Cd2+- and Cr3+-substituted ettringite during the synthesis 
experiments to incorporate various divalent and trivalent metals into ettringite.158 In terms 
of mineral formation, the effect of each additive will be discussed separately, along with 
the leaching test results in the sections below. 
4.4.1 Effect of Lime Addition 
QXRD: The hydration of BCFA is a process of pozzolanic reaction. For this reaction 
to proceed, adequate alkalinity is required to dissolve the glassy silicate and aluminate 
phases in the mixture. As shown in Table 4.3, for the mixture with 10% lime added (Sample 
#2), there was about 15% of Friedel’s salt formed in the S/S solids. By adding 2.5% of 
aluminate (Sample #3), the Friedel’s salt content was increased to nearly 23%. When 
lowering the lime addition to 5% and keeping the aluminate at 2.5% (Sample #6), there 
was only 6% of Friedel’s salt formation likely due to the lack of alkalinity. To further 
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investigate the impact of lime on Friedel’s salt formation with or without aluminate, 
additional samples were made for QXRD analysis and the results are shown in Table 4.4. 
In Table 4.4, without the addition of sodium aluminate, increasing lime addition from 
10% to 15% did not increase the amount of Friedel’s salt formed, likely due to the 
limitation of available aluminate in the ash (Samples #1-3). By adding 2.5% of aluminate, 
further increase of lime addition slightly increased the Friedel’s salt formation from 23% 
to 27% (Samples #4-6). Therefore, in terms of Friedel’s salt formation, adequate lime is 
required for the reaction to proceed, but extra lime is not beneficial for Friedel’s salt 
formation when the aluminate source is limited.  
Table 4.4. Mixing recipes of S/S solids with different amounts of lime and their 
corresponding QXRD results. (SA = sodium aluminate; FS = Friedel’s salt) 
Sample# Brine A BCFA Lime Additive FS% Et% 
1 30% 60.0% 10.0% Not added 15.0 1.1 
2 30% 57.5% 12.5% Not added 12.2 3.8 
3 30% 55.0% 15.0% Not added 12.6 1.0 
4 35% 52.5% 10.0% 2.5% SA 22.7 0.6 
5 35% 50.0 % 12.5% 2.5% SA 22.8 0.9 
6 35% 47.5% 15.0% 2.5% SA 26.8 1.4 
 
Leaching tests: In term of chloride leaching, 20%-40% (in weight % compared to 
the original amount of chloride in the brine) of chloride was leached from the S/S solid 
samples with in which 10% lime was added (Samples #3-5 in Table 4.3), but 30%-70% of 
chloride was leached from S/S samples with 5% of lime addition (Samples #6-8) in Table 
4.3), after 63 days of leaching as shown in Figure 4.1a. In terms of selenium leaching, 
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selenium concentrations in the leachate from the S/S solid samples with 10% of lime 
addition (Samples #3-5 in Table 4.3) were close to the detection limit. On the other hand, 
the S/S solid samples with 5% of lime addition (Samples # 6-8 in Table 4.3) leached about 
2-7% of selenate (calculated based on the amount of selenate introduced from the brine) 
after 63 days as shown in Figure 4.1b. Combining the leaching test and the QXRD results, 
we can conclude that S/S solids with 10% lime addition generated more Friedel’s salt, and 
immobilized more chloride and selenate than S/S samples with only 5% of lime addition. 
The extra alkalinity from the greater amount of lime added not only facilitated Friedel’s 
salt formation but could also help maintain the high pH of the leachate and thus prevented 




Figure 4.1. Effects of lime addition combined with aluminate (SA) and/or gypsum (G) 
addition on (a) cumulative chloride leaching and (b) cumulative Se leaching from S/S 
solids with 35% of brine. 
4.4.2 Effect of Aluminate Addition 
QXRD: Aluminate addition provides the source of Al which is part of the layered 
double hydroxide (LDH) in AFm phases. As shown in Table 4.5, by increasing the amount 
of aluminate added into the S/S mixture while keeping 10% of lime, Friedel’s salt increased 
from 15% to 32% (Samples #1-4). Therefore, with adequate lime addition, more aluminate 
addition will increase the Friedel’s salt formation.  
Table 4.5. Mixing recipes of S/S solids with different amount of aluminate and their 
corresponding QXRD results. (FS = Friedel’s salt; Et = ettringite.) 
Sample # Brine A BCFA Lime Additive FS% Et% 
1 30% 60.0% 10.0% Not added 15.0 1.1 
2 35% 53.75% 10.0% 1.25% SA 18.9 1.8 
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3 35% 52.5% 10.0% 2.5% SA 22.0 0.6 
4 35% 50.0% 10.0% 5.0% SA 32.6 0.1 
 
Note that, although aluminate addition enhances the formation of Friedel’s salt, it 
causes the S/S mixture to become drier and solidify more quickly than without aluminate 
addition. S/S samples without aluminate addition stayed as slurry or paste during the 
mixing and could be poured into the mold readily for curing. Preliminary tests showed that 
samples with 5% of aluminate addition solidified quickly during the mixing and thus a 
satisfactory monolith solid could not be obtained for the leaching tests later. S/S samples 
with 2.5% of aluminate addition also dried more quickly than other samples without 
aluminate addition; however, by increasing the FGD brine percentage from 30% to 35%, 
the mixture could stay as a paste during the mixing and be transferred into the mold. 
Therefore, one potential issue with aluminate addition is that it may increase the porosity 
of the S/S solid due to the faster drying rate, thereby affecting the leaching potential.  
Leaching tests: In terms of chloride leaching, Figure 4.2a shows the cumulative 
chloride leaching of Samples # 2, 3 and 5 in Table 4.3. The S/S solid with aluminate 
addition (Sample #3, Table 4.3) retained more chloride than the sample without aluminate 
addition (Sample #2, Table 4.2). However, this difference was more significant at the early 
stage of the leaching test. Long-term wise, the difference in chloride leaching potentials 
became smaller which might be due to difference in permeability of these two solids which 
would require further additional study. When both aluminate and gypsum were added 
(Sample #4, Table 4.3), there was more chloride leached out than that from the sample with 
only aluminate addition (i.e. Sample #3). This increase of chloride leaching related to 
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gypsum addition was more pronounced when only 5% of lime was added in the S/S mixture 
(Sample #8 in Table 4.3 and data shown in Figure 4.1a). One significant factor causing this 
unusual higher leaching of chloride for Sample #8 could be the high hydraulic conductivity 
of the sample (shown later in Table 4.7). Another possibility could be due to the damage 
of the monolith (especially on the surface) when the S/S solids were made. It was difficult 
to remove the cured samples from the plastic molds without a certain degree of damage 
because of the low strength of the solid (likely caused by inadequate alkalinity with only 
5% of lime).  In terms of selenate leaching, S/S solids with aluminate addition leached less 
selenate compared to that without aluminate addition, as shown in Figure 4.2b. Similarly, 
when both aluminate and gypsum were added, there was more selenium leached out 
compared to the sample with only aluminate added. This increase of selenium leaching 
could be due to the competition between sulfate and selenate when gypsum was introduced.  
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Figure 4.2. Effects of aluminate addition on (a) cumulative chloride and (b) cumulative 
selenium leaching from S/S solids. 
4.4.3 Effect of Gypsum Addition 
QXRD: Gypsum provides sulfate into the system and enhances the formation of 
ettringite. For example, as shown in Table 4.3, Sample #2 with 10% lime addition but 
without gypsum only formed 1% of ettringite. By adding 2.5% of gypsum (Sample #4), 
the ettringite was increased to 13%. To further investigate the effect of gypsum on ettringite 
formation, S/S mixtures with 0.5-5.0% of gypsum addition were made and their QXRD 
results are shown in Table 4.6. Meanwhile, as mentioned in the introduction, ettringite has 
a strong affinity with borate. Therefore, to evaluate the impact of adding gypsum, brine B 
was utilized in this set of study.  
Table 4.6. Mixing recipes of S/S solids with different amounts of gypsum and their 
corresponding ettringite weight percentage in the S/S solids. 
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Sample # Brine B BCFA Lime Gypsum Ettringite% 
1 30% 60.0% 10.0% Not added 1.1 
2 30% 59. 5% 10.0% 0.5% 1.5 
3 30% 59.0% 10.0% 1.0% 4.7 
4 30% 58.5% 10.0% 1.5% 6.2 
5 30% 58.0% 10.0% 2.0% 7.7 
6 30% 55.0% 10.0% 5.0% 16.2 
 
As seen in Table 4.6, higher gypsum addition resulted in higher formation of 
ettringite. Plotting Ettringite weight % vs. gypsum added generated a linear relationship 
with a R2 = 0.98.  
Leaching tests: Ettringite formation had no significant effect on chloride leaching 
since it doesn’t bind chloride (data not shown). For the S/S samples in Table 4.6, the results 
of boron and selenium leaching are shown in Figure 4.3. In terms of boron leaching, Figure 
4.3a shows that S/S solids made with a higher dosage of gypsum, which generated more 
ettringite, leached less amount of boron. However, this trend was not observed in selenium 
leaching (Figure 4.3b) since ettringite has much weaker affinity with selenate, as 
mentioned in the introduction.  
Cox et al. reported the leaching of boron (as borate or boric acid) from bottom ash 
and fly ash.144 The boron content in CFA was found as high as 1,900 ppm and more than 
50% was leachable into the water. Jankowski at al. studied the mobility of As, B, Mo and 
Se from selected Australian fly ashes.140 Long-term (144 h) batch leaching tests were 
performed using two acidic and two alkaline CFAs and leaching solution with initial pH 
of 4, 7, and 10. The results suggested that boron has the highest relative mobility of all four 
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elements, and the decrease of B, As and Se in the leaching solution in contact with alkaline 
CFA could be attributed to the formation of ettringite. At high pH values, boron can co-
precipitate with CaCO3.
145-146  There are also several studies that reported the formation of 




Figure 4.3. Effects of gypsum dosage (0%-5.0%) on the cumulative leaching of (a) boron 
and (b) selenium from S/S solids. 
4.4.4 Effect of Brine Temperature 
QXRD: S/S samples with hot FGD brine heated to 80 C was also made to compare 
with samples with room temperature FGD brine using the same S/S mixing recipes. 
Although previous literatures suggested that the temperature could play an important role 
on the stability of both monophase and ettringite 150-151, 155, the temperature during our 
mixing process was not controlled, thus the hot brine cooled down fast once in contact with 
the mixer. Therefore, raising the temperature of brine did not result in significant difference 
in terms of minerals formation and their percentages (see comparisons between Samples 
#1 vs. #9, #3 vs. #10, and #5 vs. #11 in Table 4.3).  
Leaching tests: Although the addition of hot brine vs. room temperature brine didn’t 
change the mineralogy of the S/S solids. The samples with hot brine and aluminate addition 
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leached more chloride during the first 2 days than the corresponding samples with room 
temperature brine, as shown in Figure 4.4. After 2 days, the amount of chloride released 
from both samples were similar. Therefore, the different was only to due the amount of 
chloride during initial surface wash-off. The hot brine sped up the drying of the mixture 
when aluminate was added, thus leaving more cracks on the solid surface, which could 
enhance the surface wash-off. Without the addition of aluminate, adding the hot brine 
didn’t speed up the drying, so no significant difference was observed.  Selenium leaching 
was not comparable among these set of S/S solids because the selenium concentration in 
the leachate was always close to the analytical detection limit, indicating very low selenium 
leaching potential.  
 
Figure 8. Effect of hot brine with or without aluminate addition on cumulative chloride 
leaching. 
4.4.5 Lime (Hydrated) vs. Quick Lime (Unhydrated) 
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The use of hydrated lime versus unhydrated quick lime as the activating agent in the 
S/S was also conducted for comparison. These set of S/S samples were conducted using 
the modified brine (brine B) as shown by Samples #12-17 in Table 4.3. These set of 
samples used 30% or 35% of brine, and with or without the sodium aluminate and/or 
gypsum additives. 
QXRD: As shown in Table 4.3, addition of quick lime only slightly increased the 
formation of Friedel’s salt compared to that in the same recipe (i.e. Samples #13 vs. #16, 
and Samples #14 vs. #17). However, S/S mixture made with quick lime dried faster 
compared to that made with hydrated lime due to the higher water demand of quick lime. 
The faster drying rate may affect the permeability of the S/S solids which requires further 
study.   
Leaching Tests: In terms of chloride leaching, S/S samples with hydrated lime 
addition leached less chloride than the S/S samples with quick lime addition using the same 
recipe, as shown in Figure 4.5. However, this difference was only seen at the early stage of 
the leaching test. In the later stage, the difference was no longer significant (Figure 4.5a). 
Therefore, lime or quick lime does not impact the performance of the S/S for 
immobilization of chloride in the long term. In terms of bromide leaching (Figure 4.5b), 
no obvious trend was observed among different samples. The overall leaching percentage 
of bromide was between 30%-40% after 63 days, which was at the similar level of chloride 
leaching. The samples without addition of additives (black line with square labels in Figure 
4.5) appear to leach less chloride and bromide because those samples had less amount of 
brine added. In terms of overall retainment percentage, all the samples leached similar level 





Figure 4.5. Effects of lime or quick lime on cumulative leaching of (a) chloride and (b) 
bromide from S/S solids with brine B. 
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Chromate leaching was not detected even using the brine B which contained a higher 
concentration (25 ppm) of chromate, indicating that the S/S method is excellent for 
chromium immobilization. Boron and selenium results are shown in Figure 4.6. It was 
found again that ettringite formation improved the immobilization of boron (Figure 4.6a) 
but not for selenium (Figure 4.6b), which agrees with the results in the section discussing 
the effect of gypsum. Therefore, the addition of gypsum is not as important as aluminate 
and lime for chloride and selenate immobilization but is important for boron. Additionally, 
S/S samples with quick lime performed slightly better than their corresponding samples 
with hydrated lime addition. Although quick lime didn’t enhance the formation of ettringite 
compared to hydrated lime, it provided more alkalinity to the reaction since its addition 
was 10% by weight and quick lime has a lower molecular weight. This extra alkalinity 
could enhance the stability of ettringite during the long-term leaching test. Figure 4.6b 
shows the cumulative leaching of selenium. Consistent with the previous results, aluminate 
addition decreased the selenium leaching. Samples with quick lime also performed slightly 




Figure 4.6. Effects of lime or quick lime on (a) cumulative boron leaching and (b) 
cumulative Se leaching from S/S solids with brine B. 
4.4.6 Hydraulic Conductivity 
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The mixing receipt of the samples whose hydraulic conductivity (K in cm/s) was measured 
are shown in Table 4.7, along with the K values and FS% of these samples.  
Table 4.7. Mixing recipes of S/S solids and their corresponding QXRD and K results. SA 
= sodium aluminate; G = gypsum FS = Friedel’s salt, and K = hydraulic conductivity. 
Sample # Brine BCFA Lime Additives FS% K (×10-8cm/s)  
1 35% 52.5% 10.0%  2.5% SA 22.7 3.6 
2 35% 57.5% 5.0%  2.5% SA 6 58.9 
3 35% 52.5% 10.0%  2.5% G 10.1 7.48 
4 35% 57.5% 5.0%  2.5% G 0.5 1.87 
5 35% 50.0% 10.0%  
2.5% SA and 
2.5% G 
23 26.1 
6 35% 55.0% 5.0%  
2.5% SA and 
2.5% G 
8.4 61.4 
7 30% 60.0% 10.0%  Not added 15 11.9 
8 hot 30% 60.0% 10.0%  Not added 14 0.26 
9 hot 35% 52.5% 10.0%  2.5% SA 22.5 0.63 
10 hot 35% 50.0% 
10.0%  2.5% SA and 
2.5% G 
23.7 9.9 
11 35% 55.0% 10.0%  Not added 12.4 0.98 
12 40% 50.0% 10.0%  Not added 6.4 75.6 
13 30% 60.0% 10.0%  Not added 14.5 13.3 
14 30% 59.5% 10.0%  0.5% G 14.4 6.2 
15 30% 59.0% 10.0%  1.0% G 14.2 4.5 
16 30% 58.5% 10.0%  1..5% G 10.4 15.2 
17 30% 58.0% 10.0%  2.0% G 9.9 17.7 
18 30% 55.0% 10.0%  5.0% G 6.3 23.3 
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The chloride leaching data of these samples were evaluated by correlating the amount 
of chloride release during the first week, during week 1-9, and the entire 9 weeks with both 





Figure 4.7. Effects of K and FS% on chloride leaching during (a) overall 63 days, (b) 0-7 
days, and (c) 7-63 days. 
Overall, both low K value and high FS% are important for chloride retainment. On 
general, the chloride leached out during the first 7 days accounted for most of the chloride 
leached during the overall process. In the first 7 days, the unbounded chloride retained on 
the surface and near surface will be released into DI water rapidly. The amount of 
unbounded chloride would be less when higher amount of FS was formed. Therefore, in 
Figure 4.7b, the general trend is higher FS% released less amount of chloride. After 7 days, 
the unbonded chloride originally existed near the surface was already leached out, so the 
diffusion of unbounded chloride from the inside the S/S solids would contribute to the 
chloride leaching. The diffusion rate could be related to the hydraulic conductivity of the 
S/S solids. Therefore, the solids with relatively high conductivity should release more 
unbounded chloride from the inner solid over long-term. Another possible chloride 
leaching mechanism the was the dissolution of FS. During the nature of 1315 leaching test, 
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DI water (pH 5.5) was replaced frequently over time. Therefore, the alkalinity of the solids 
would be also consumed over time. Although lime was added into this samples during the 
mixing, the its alkalinity could be consumed during the curing of the solids. During the 
long-term leaching test, the measured pH of all the samples in this study remained between 
11-12, indicating that the solid alkalinity was being consumed. Mineral phase whose 
structure contained metal hydroxide (e.g. FS) will partially dissolute to generate hydroxide 
until the pH of the extraction fluid reached to the point where it was stable (this was also 
observed in the study in chapter 5).111-112 Figure 6.7c indicates that during the later stage 
of long term leaching, samples with similar K value but higher FS% released more 
chloride, which could be an indication of FS dissolution. However, the lower scale of 
Figure 6.7c indicates that the amount of chloride leaching from FS dissolution was not as 
significant compared to the amount of chloride leached out during the first 7 days. Overall, 
based on the results discussed above, a combination of high FS% and low K would be a 
desired property for the S/S solids. This work has demonstrated that FS% could be 
improved by adding reactive aluminate with adequate amount of lime. Future work should 
focus on lowering the K of the solids. 
4.5 CONCLUSIONS 
In terms of enhanced formation of Friedel’s salt and reduced leaching of 
contaminants (Se and chloride), aluminate addition along with an adequate amount of lime 
in the S/S process is crucial for the success of this ZLD method. Gypsum addition enhances 
the formation of ettringite which does not improve the retainment of chloride and Se 
significantly but will improve the retainment of boron. The addition of hot brine, extra lime 
and aluminate could make the S/S slurry drier and harden faster. Therefore, the S/S solids 
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generated under such conditions may be more porous and thus have higher leaching 
potential. Although the addition of quick lime provides more alkalinity compared to the 
addition of hydrated lime (due to lower molecular weight of quick lime under the same 
mass amount addition), quick lime only slightly increases the percentage formation of 
Friedel’s salt in the S/S solid, and thus has no significant impact on chloride leaching.  
This work has clearly demonstrated the importance of minerology of the S/S solids 
on the retainment of contaminants such as selenium and chloride. However, another 
important factor that must be considered as well is the permeability of the solids because 
permeability could govern the stability of the minerals inside the solids and the leaching of 
those free, unbounded contaminants (e.g. excess chloride). Regarding the influence of 
permeability, our preliminary results on a selected set samples have indicated that the long-
term leaching of chloride may correlate more to the permeability of the solids, and less to 
the Friedel’s salt formation, because most of the chloride in the S/S mixture remains as free 
chloride ions due to the very high concentration of chloride from the brine. Although the 
AFm phase is capable of binding chloride, the amount of Friedel’s salt formed could only 
bind a small portion of the total chloride introduced from the brine. Meanwhile, the stability 
of the AFm phase can also affect the immobilization of the contaminants and should be 
considered. Once the S/S solids are exposed to the landfill conditions, rainwater and 
leachate may slowly penetrate the solids and the alkalinity could gradually be consumed 
or washed off. Preliminary analysis of the S/S solids generated in this study indicated a 
saturated hydraulic conductivity in the range of 10-7 to 10-9 cm/s which could be defined 
as impervious. The long-term leaching tests (USEPA Method 1315) conducted in this study 
covered the span of 9 weeks. For S/S solids to be disposed of in the landfills for years, a 
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low permeability as well as the optimized mineralogy are critical for the immobilization of 
contaminants. Therefore, further research should be conducted on how to reduce the 
permeability while maintaining the desired mineralogy of the S/S solids. 
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CHAPTER 5. REMOVAL OF SELENATE AND CHROMATE BY 
FRIEDEL’S SALT AND IMPACTS OF VARIOUS ANIONS  
5.1 ABSTRACT 
Friedel’s salt (Ca4Al2(OH)12Cl2(H2O)4) is an AFm-Cl phase that belongs to the 
family of layered double hydroxides and has the ability of taking up various contaminants 
through ion exchange. Friedel’s salt can play an important role in contaminant 
immobilization when it is formed in the solidification/stabilization (S/S) process. This 
study investigated the uptake process of Se(VI) and Cr(VI) by Friedel’s salt and the impacts 
of various anions (i.e., sulfate, carbonate, nitrate and chloride) when they were co-existent 
with the heavy metal oxyanions. Results from sorption and desorption tests suggested that 
the uptake of Cr(VI) by Friedel’s salt was more favorable than the uptate of Se(VI). Sulfate 
and carbonate exhibited a stronger hindering effect than nitrate and chloride on the uptake 
of both heavy metals by Friedel’s salt. Evaluation of the long-term stability of Friedel’s 
salt before and after the heavy metal uptake revealed that Friedel’s salt and Se(VI)-
substituted Friedel’s salt could gradually transform into stratlingite, another AFm phase 
with aluminosilicate inside the interlayers, over three months when Friedel’s salt was 
exposed to reactive silicate and aluminate, whereas Cr(VI)-substituted Friedel’s salt 
remained unchanged. About 53% of absorbed Se(VI) was released when this 
transformation occurred, and 30% of absorbed Cr(VI) was released when this 
transformation did not occur.  This study not only provided more insights on the effects of 
various anions on the removal of Se(VI) and Cr(VI) by Friedel’s salt, but also revealed the 
potential transformation from Friedel’s salt to stratlingite over time.  
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5.2 INTRODUCTION 
Friedel’s salt (Ca4Al2(OH)12Cl2(H2O)4) is an AFm-Cl phase that belongs to the 
family of layered double hydroxides (LDH). The AFm-X phase (or referred to as 
monophase) structure consists of positively charged Ca2[Al(OH)6]
+ layers, producing a net 
charge imbalance.116 Anions (X), such as CO3
2-, Cl-, OH-, and SO4
2- occupy the space 
between the layers of Ca2[Al(OH)6]
+ to balance the mineral’s charge.116, 125 The exchange 
of anions in the interlayers with external anions is typically highly favored.125 Friedel’s salt 
has been shown to successfully remove various heavy metals such as selenate112, 
chromate111, 162, arsenate163-164, and various anion such as chloride116, 129-131, nitrate165 and 
nitrite166. Compared to other adsorbents, Friedel’s salt is easy and cheap to synthesize and 
it has demonstrated a high adsorption capacity for contaminants in various types of aqueous 
systems.111-112, 162-164 
In our previous study, Friedel’s salt was identified as the key mineral phase for the 
retainment of heavy metals and chloride in the solidified/stabilized (S/S) solids generated 
from mixing the flue gas desulfurization (FGD) waste brine, coal fly ash (CFA) and an 
activating agent (e.g. Portland cement or lime).18, 190-192 Among the heavy metals of 
interest, selenate and chromate retainment could be enhanced by increasing the formation 
of Friedel’s salt (Chapters 3 and 4). Previously, Wu et al. has demonstrated the effective 
removal of selenate by Friedel’s salt with an uptake capacity up to 1.37 mmol/g. 112 Dai et 
al. demonstrated the effective removal of chromate by Friedel’s salt with an uptake 
capacity up to 1.4 mmol/g.111 However, the effects from various anions that may co-exist 
in the waste stream on the remove efficiency of heavy metals by Friedel’s salt was scarcely 
considered. To the best of our knowledge, the effect of various anions on the removal of 
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selenate by Friedel’s salt has not been reported to date. Previously, Dai et al. investigated 
the impact of chloride and bicarbonate (at the same concentration of chromate) on the 
removal of chromate by Friedel’s salt and showed that chloride had no impact, whereas 
bicarbonate lowered the removal percentage by 10%.111 Considering the complicated 
matrix in various types of wastewaters such as those from the wet FGD systems, the 
impacts of various types of anions on the removal of selenate and chromate by Friedel’s 
salt should be evaluated. For our interest related to the previous studies (Chapters 3 and 4), 
it is important to understand the effects of common anions in the FGD wastewater such as 
sulfate, (bi)carbonate, nitrate, and chloride on selenate and chromate removal by Friedel’s 
salt.  
While the capacity and rate of Friedel’s salt to take up selenate and chromate from 
different wastewater matrices are of interest, the stability of Friedel’s salt and its phase 
change after the uptake of the contaminants is also an important aspect to be considered in 
the application of Friedel’s salt in waste remediation. Baur and Johnson had reported that 
SeO4
2--substituted AFm phase was stable in the cementitious system.152 Perkins and Palmer 
reported that during the synthesis of CrO4
2--substituted ettringite, CrO4
2--substituted 
monophase was also formed at pH 12; however, at pH >12.5, monophase was the only 
form. Perkins and Palmer also reported that the stability domain of monophase could be 
lowered to pH 11 when there was excess free calcium in the system, which favored the 
formation of monophase.153-154 Wu et al. showed that selenate-substituted Friedel’s salt was 
stable in water at a starting pH range of 4 -13 with an equilibrium pH around 11. At a lower 
starting pH, Ca(OH)2 in the framework of LDH was partially dissolved, while at a higher 
staring pH, Al(OH)3 in the framework of LDH was partially dissolved. However, under 
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both cases, less than 3% of the selenate was desorbed, indicating the strong fixation of 
selenate by Friedel’s salt. 112 Similar findings regarding chromate-substituted Friedel’s salt 
were also report by Dai et al. in terms of strong fixation of chromate.111 The findings from 
the above mentioned studies indicated that AFm phases are likely more stable at around 
pH 11-12.  
In our previous study (Chapter 4), we detected the transformation from Friedel’s salt 
to stratlingite after the USEPA 1315 long-term leaching test. After being under the long-
term leaching conditions for three months, the Friedel’s salt in the S/S monolith (which 
was around 15% by weight in the original S/S solid) disappeared but stratlingite was 
detected instead. Stratlingite is also an AFm phase, but with aluminosilicate ion, expressed 
as [AlSi(OH)8·0.25H2O]
-1, in the interlayers of the LDHs, and is commonly found in 
hydrated cement and concrete. Stratlingite is more difficult to synthesize than Friedel’s salt 
and its synthesis could take up to 4-6 weeks.114, 167 Transformation from stratlingite to 
Friedel’s salt when exposed to chloride solution has been shown in previous research.114, 
168-169 However, to the best of our knowledge, no research has demonstrated the 
transformation from Friedel’s salt to stratlingite, or the heavy metal removal by stratlingite. 
In the S/S solids from the ZLD method as described in our previous study, coal fly ash 
could provide silicate and aluminate which are required for the formation of 
aluminosilicate ion in the stratlingite. This could possibly explain the experimental 
observation of stratlingite formation upon disappearance of Friedel’s salt in the S/S solids. 
Therefore, we propose that the transformation from Friedel’s salt to stratlingite could be 
possible when Friedel’s salt is exposed to metasilicate and aluminate, which are commonly 
used in the synthesis of stratlingite. 
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Because research on the removal of selenate and chromate by Friedel’s salt was still 
quite limited, the objective of this study was to compare the uptake of these two heavy 
metal oxyanions by Friedel’s salt, as well as to evaluate the impacts of sulfate, carbonate, 
nitrate and chloride anions on the removal of these two heavy metals by Friedel’s salt. 
Furthermore, the potential transformation of Friedel’s salt, and selenate- or chromate-
substituted Friedel’s salt to stratlingite, was investigated along with the fate of selenate and 
chromate in the AFm phases over a long-term process. The results of this study will be 
useful for related processes using AFm phases for heavy metal removal.   
5.3 EXPERIMENTAL SECTION 
5.3.1 Chemicals  
Sodium aluminate (Na2O·Al2O3, technical grade), calcium chloride dihydrate 
(CaCl2·2H2O), sodium selenate (Na2SeO4), potassium dichromate (K2Cr2O7), sodium 
sulfate (Na2SO4), sodium bicarbonate (NaHCO3), sodium nitrate (NaNO3), and sodium 
chloride (NaCl) were purchased from Fisher Scientific (Hampton, NH). Sodium 
metasilicate nonahydrate (Na2SiO3·9H2O) and hydrated lime (Ca(OH)2, 98%) were 
purchased from Sigma-Aldrich (St. Louis, MO). All the stock solutions were produced by 
dissolving the above-mentioned salts in ultrapure deionized (DI) water generated from a 
Milli-Q nanopure water purification system. 
5.3.2 Friedel’s salt (FS) synthesis 
FS was synthesized following the method reported previously.163, 166, 197 Briefly, 
calcium chloride (0.625 M) was dissolved in 500 mL of DI water and the solution was 
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heated to 65 ºC. Sodium aluminate (0.3125 M) was dissolved 500 mL of preheated DI 
water and maintained at 65 ºC before use. Sodium aluminate solution was added into the 
calcium chloride solution through a burette with a flow rate of about 30 mL per minute. 
The mixture was stirred at 500 rpm with a magnetic stirrer and remained heated at 65 ºC. 
After 20 minutes, the precipitate was collected immediately by centrifugation and washed 
two times with DI water to remove a significant portion of the residual salts. This washing 
procedure was adopted after preliminary washing experience showed that extensive 
washing to completely remove the residual salts resulted in partial dissolution of FS, as 
well as carbonate intrusion into the interlayers of FS. After washing, the precipitate was 
dried in an oven at 65 ºC for 24 hours and stored in a vacuum chamber before use.  
5.3.3 Characterization of synthesized and reacted FS 
FS and its reacted samples were characterized using a PANalytical X’Pert PRO 
Alpha-1 X-ray diffractometer (XRD, Almelo, Netherlands) at 45 kV and 40 mA, with the 
Cu Kα radiation (λ = 1.542 Å) and a scanning rate of 0.033 per 100 seconds over a 2θ 
range between 4-70. The morphology of the prepared FS was obtained on a Zeiss Ultra60 
field emission scanning electron microscopy (FE-SEM, Carl Zeiss, Germany) operated at 
5 kV. XRD and FE-SEM analyses were done at the Institute for Electronics and 
Nanotechnology Materials Characterization Facility at Georgia Tech. 
5.3.4 Batch sorption and desorption study 
The batch experiments to evaluate the sorption of selenate and chromate by FS with 
and without the effect of different anions were conducted in duplicates. Initial tests were 
conducted at different FS-to-metal molar ratio (F/M ratio) and solid-to-liquid ratio (S/L 
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ratio, mass of FS/solution volume) to evaluate the removal of Se(VI) and Cr(VI) and 
structures of reacted FS. Based on the results, the F/M ratio of 1.0 and the S/L ratio of 10 
g/L were decided to be used in the subsequent experiments. To be specific, FS (0.10 g, 
MW = 561 g/mol) was added into a 15-mL centrifuge tube containing 10 mL solution of 
17.4 mM of selenate or chromate (added as sodium selenate or potassium dichromate) so 
the F/M ratio was around 1.0 and the S/L ratio was 10 g/L. To evaluate the impacts of 
various anions, the selected anion, sulfate (1.74 and 17.4 mM), carbonate (1.74 and 17.4 
mM), nitrate (3.48 and 34.8 mM) or chloride (28.1 mM and 281 mM), was also added into 
the solution to study its effect on selenate or chromate removal by FS. Before adding FS, 
the pH of the solution was adjusted to 10 by adding NaOH. At this pH, dichromate and 
bicarbonate became chromate and carbonate. The sample tube was clamped on a rotator 
with a rotating speed of 50 rpm to allow reaction for 24 hours at room temperature. At 
selected time intervals, the sample was removed from the rotator and the pH was measured. 
Then, the sample was agitated and immediately 0.5 mL of the mixture was transferred into 
a 2-mL centrifuge vial and centrifuged at 3000 rpm for 5 minutes. The supernatant was 
collected and diluted 1000 times for anion and heavy metal measurements.  
The desorption test was conducted using the same experimental setup described 
above. The selenate- and chromate-substituted FS samples, named Se-FS and Cr-FS, were 
prepared by adding 0.1 g of FS in 10 mL of 17.4 mM selenate or chromate solution with a 
starting pH of 10. The sample was rotated at 50 rpm for 24 hours at room temperature and 
then centrifuged to obtain the solid. After drying in an oven, 0.1 g of Se-FS or Cr-FS was 
added into 10 mL of solution containing sulfate (8.7 and 17.4 mM), carbonate (8.7 and 
17.4 mM), nitrate (17.4 and 34.8 mM) or chloride (17.4 and 34.8 mM) at pH 10. The same 
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sampling procedure as described in the sorption test was applied for anion and heavy metal 
measurements.  
5.3.5 Transformation from FS to stratlingite 
The transformation from FS, Se-FS and Cr-FS to stratlingite was tested for a period 
3 months. Each of the solids was added into 10 mL of solution containing 4 mM of 
Ca(OH)2, with or without the addition of metasilicate (17.4 mM) and aluminate (17.4 mM). 
At the end of 1, 2, and 3 months, the pH and heavy metals in the solution were measured 
for all samples (Table 5.3). The samples with metasilicate and aluminate were prepared in 
duplicate for each sampling time (6 for each type of FS). At each sampling time, two 
samples were sacrificed for XRD analysis. Samples without metasilicate and aluminate 
were also prepared in duplicate, but not sacrificed at each sampling time. 
5.3.6 Analytical methods 
The pH was measured by an Orion StarTM A111 bench top pH meter (Waltham, MA). 
The concentrations of heavy metals were detected by inductively coupled plasmas – optical 
emission spectroscopy (ICP-OES) 8000 (Perkin Elmer, Waltham, MA). The ICP samples 
were prepared by diluting the supernatant from each test 1000 times using 5% trace metal 
grade nitric acid. The chloride, sulfate and nitrate concentrations were measured by ion 
chromatography (IC) (Dionex, Sunnyvale, CA) by diluting the supernatant 1000 times with 
DI water.  
5.4 RESULTS AND DISCUSSION 
5.4.1 Characterization of synthesized FS 
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The XRD pattern and SEM image of synthesized FS are shown in Figure 5.1. 
Although the entire synthesis process of FS was conducted at ambient conditions, no 
significant carbonate intrusion was observed. The characteristic peaks matched well with 
pure FS (JCPDS# 78-1219). The hexagonal plates of FS with obvious aggregation were 
also clearly seen in the SEM image.  
 
Figure 5.1. XRD and SEM analysis of synthesized FS. 
 
5.4.2 Removal of selenate and chromate by FS 
The removal of selenate and chromate by FS was initially tested at the S/L ratio of 
50 g/L. The F/M molar ratios were 70 and 46 for Se(VI) and Cr(VI), respectively. At such 
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high F/M ratios, 71% of total selenate and 91% of total chromate were removed from the 
solution by FS within 24 hours. The XRD pattern (Figure 5.2a) of the reacted FS indicated 
that surface adsorption was likely the main removal mechanism because the characteristic 
peak (003, 11.3º) of Friedel’s salt remained unchanged.  
Then, similar sorption tests were conducted but at a lower F/M ratio (1.4 and 0.9 for 
Se(VI) and Cr(VI), respectively) at the S/L ratio of 10 g/L, aiming to observe the anion 
exchange mechanism. At this low F/M ratio, 69% of total selenate and 67% of total 
chromate were removed from the solution by FS within 24 hours. The XRD pattern (Figure 
5.2a) of the reacted FS indicated that anion exchange occurred for the removal of metal 
oxyanions because peak shifting was observed. The new peaks are identified as selenate- 
and chromate-substituted FS (labelled as Se-FS and Cr-FS in Figure 5.2a). For Se-FS, the 
interlayer distanced increased from 0.78-0.79 nm to 0.96-0.97 nm, resulting in the shift of 
peak position to a lower 2 theta which was also detected in previous literature.112 For Cr-
FS, the interlayer distance increased to 1.00 nm which also resulted in the peak position 
shifted to the lower 2 theta, in agreement with the previous reports.111, 153, 198  
After the sorption test (with low F/M ratios), the reacted FS was removed from the 
mixture through centrifugation and remixed with 50 mL of DI water with a pH of 10 
adjusted by adding NaOH. Within 24 hours, 28% of adsorbed selenate and 14% of 
adsorbed chromate were desorbed back into the solution, while the XRD peaks of Se-FS 
and Cr-FS remained (Figure 5.2b), indicating that the heavy metals remained inside the 
interlayers of Friedel’s salt. Notice that once the interlayer of the FS was partially occupied 
by metal oxyanions, the XRD peaks weakened dramatically and became broader which 
was due to the structure disorder caused by the anion exchange. Multiple anions, including 
 131 
heavy metal oxyanion, hydroxide from NaOH, remaining chloride, and carbonate captured 
from the air all could co-exist inside the interlayers, causing the FS structure to become 
less crystalline. The peak position also slightly shifted possibly due to less selenate existed 
in the interlayer and the effect from multiple anions.  
Notice that the removal % of both selenate and chromate decreased at the lower F/M 
ratios compared to those at the higher lower F/S ratio. For selenate, the F/M ratio was 1.4 
which was still above 1.0, and so the decrease in Se(VI) removal compared to the removal 
at the the higher F/S ratio was not very significant. For chromate, the F/M ratio was 0.9 
and thus the Cr(VI) removal decreased more significantly than selenate removal. Another 
possibility for the lower removal at the lower F/M ratios could be due to the slight 
dissolution of FS when it was exposed to the metal solution. When FS was added into the 
metal solution, some of it could be dissolved during the initial drop of pH until the pH of 
the solution was increased to around 11 where FS was stable. When the S/L ratio was 50 
g/L (at the high F/M ratio condition), the amount of FS loss due to dissolution was less 
significant compared to the case when the S/L ratio was 10 g/L (at the low F/M ratio 
condition). To confirm this explanation, the S/L ratio was decreased to 2 g/L and the F/M 
ratio was kept same at 1.4 and 0.9 for Se(VI) and Cr(VI), respectively. To the expectation, 
only 22% of total selenate and 19% of total chromate were removed within 24 hours, 
compared to 69% of total selenate and 67% of total chromate removal at the S/L ratio of 
10 g/L. The pH of the selenate solution was increased from 8.6 to 10.5 while the pH of the 
chromate solution was increased from 6.6 to 10.3 during those experiments, strongly 





Figure 5.2. XRD patterns of reacted FS: (a) after sorption tests from samples with different 
FS/Se and FS/Cr ratios, and (b) after desorption tests.  
From the results mentioned above, the ideal S/L ratio should be no less than 10 g/L 
to avoid significant loss of FS due to dissolution. To study the competition between 
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different anions with selenate and chromate, and the phase transformation of FS, a F/M 
ratio of 1.0 is approaporate. Considering the total amount of available FS synthesized from 
the same batch and the number of samples needed to be done, the optimized S/L ratio was 
determined to be 10 g/L (about 17.4 mM) and applied to all the experiments shown below. 
Meanwhile, the starting pH of the solution was raised to 10 by adding NaOH to further 
minimize the dissolution loss of FS.  
5.4.3 Competition between Selenate and Chromate 
The removal of selenate and chromate by FS with and without the competition from 
the other metal is shown in Figure 5.3. At the same metal concentration, chromate greatly 
hindered the removal of selenate (Figure 5.3a), whereas selenate only slightly hindered the 
removal of chromate (Figure 5.3b). This result indicated that chromate was preferred than 
selenate by FS when they co-existed in the solution. 
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Figure 5.3. Competition between selenate and chromate for their removal by FS. (a) 
selenate removal affected by chromate; (b) chromate removal affected by selenate; (c) and 
(d) chloride release with and without the existence of heavy metals. 
Figures 5.3c-d also show the chloride release from the FS with and without the 
presence of heavy metals. For the sample with FS only (Sample #1 in Table 5.1), about 
22.6 mM of chloride was released at the very beginning and increased some more to 25.7 
mM within 24 hours. The initial rapid release of chloride was likely due to the surface 
wash-off from the residue chloride on the FS and the partial dissolution of FS since pH of 
the solution (originally pH = 10) increased to 11.8 within one hour and further increased 
to 12.0 within 24 hours. For the samples of FS with selenate or chromate (Samples #2 and 
#3), almost identical change of pH was observed, and the chloride release was increased 
by 10 to 11 mM. The increase of chloride release was mainly due to the anion exchange of 
chloride with metal oxyanion since the change of pH in these samples was almost the same 
as that in the FS only sample, while about 13.0 mM of selenate and 10.3 mM of chromate 
were removed. Stoichiometrically, each mole of selenate or chromate should replace 2 
moles of chloride. However, the increased amount of released chloride was less than the 
theoretical value based on the removal of heavy metals, indicating that selenate or chromate 
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was partially removed through anion exchange while the rest was adsorbed on the surfaces 
of FS without replacing the chloride. The removal pattern of selenate suggested that the 
removal mechanism involved two stages of process. During the first hour, a rapid removal 
was observed which indicated the rapid surface adsorption and an initial stage of interlayer 
anion exchange. Afterwards, the removal rate became much slower which indicated the 
interlayer anion exchange was still happening but at a slow rate. Previously, in-situ space 
and time-resolved study suggested that the sorption of anionic dyes on LDH layers started 
at the edges of the LDH and was followed by diffusion to the basal planes.199  
In comparison, such a two-step process was not as obvious for the sorption of 
chromate to FS as in the case of selenate. During the first hour, more chromate was 
removed (9.1 mM) than selenate (7.7 mM), but the removal rate became much slower after 
the first hour. Since the XRD pattern showed that chromate-substituted FS was already 
formed, the chromate could already have been incorporated into the interlayers during the 
first hour. This result also could explain why chromate was preferred by FS when selenate 
and chromate co-existed. Between 6 hours and 24 hours of reaction time, more selenate 
was removed than chromate, indicating the exchange rate of selenate in the later stage is 
faster than that of chromate. When selenate and chromate co-existed (Sample #4), a total 
of 11.8 mM of selenate and chromate together was removed which was only slightly higher 
than the overall removal of selenate or chromate when they were present alone (Samples 
#2 and #3), indicating the FS had reached the maximum sorption capacity. Also, about 36.9 
mM of chloride was released with 24 hours in Sample #4, which was only 0.9 mM higher 
than the chloride release in the samples with only selenate or chromate.  
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5.4.4 Effects of different anions on the removal of selenate and chromate by FS 
The starting concentration of each reactant is shown in Table 5.1. The F/M ratio for 
Se(VI) and Cr(VI) was set at 1.0, while the concentrations of different anions were varied 
to study their effects. FS itself could release more than 25 mM of chloride from the residual 
chloride left from the FS synthesis and also from some degree of FS dissolution once the 
mineral was exposed to the solution; thus, the chloride concentrations studied were higher 
compared to the concentrations of the other anions. Sulfate and carbonate are both 
negatively 2 charged as selenate and chromated, so the higher end of the concentration of 
sulfate and carbonate were chosen to be equal FS. Nitrate is negatively 1 charged so its 
concentration was doubled. 
Table 5.1. The starting concentration (mM) of each reactant in all the samples related to 
the study of the effects of different anions on selenate and chromate removal by FS. Before 
adding the FS, the solution pH was raised to 10 by adding NaOH.  
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The effects of various anions on selenate removal (Samples #5-12 in Table 5.1) by 
FS are shown in Figure 5.4a. When 28.1 mM of chloride was added, there was 7.7 mM of 
selenate remaining in the solution after 24 hours of reaction, compared to only 4.4 mM of 
selenate remaining in solution without the addition of chloride (Sample #2). When an even 
higher concentration (281 mM) of chloride was added, the selenate removal was greatly 
hindered to have 12.1 mM of selenate remaining in the solution not removed. These results 
showed that a higher chloride concentration could decrease the selenate exchange with 
chloride in FS.  
A low concentration (1.74 mM) of sulfate and carbonate had minimum effects on the 
selenate removal by FS. However, at a high concentration (17.4 mM, similar to the 
concentration of selenate), both sulfate and carbonate competed with selenate for FS, as 
seen by the higher concentration of selenate remaining in the solution, likely by forming 
sulfate- or carbonate-substituted FS.200 Figure 5.4c shows the removal of sulfate by FS 
when it coexisted with selenate. Notice that when the sulfate concentration was equal to 
the selenate concentration (17.4 mM), more than 90% of sulfate was removed by FS, thus 
hindering the removal of selenate. Interestingly, nitrate did not hinder the removal of 
selenate by FS even at the high concentration of 34.8 mM, which was in agreement with 
the result that only a very small amount of nitrate was removed by FS (Figure 5.4c), 
indicating anion exchange between nitrate and chloride was not preferred by FS.  
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The effects of anions on chromate removal (Samples #13-20 in Table 5.1) by FS are 
shown in Figure 5.4b. Similar to the case for selenate, nitrate and a low concentration of 
sulfate, carbonate and chloride had minimum effects on chromate removal by FS. A high 
concentration of sulfate, carbonate and chloride hindered the removal of chromate. The 
removal rates of sulfate and nitrate (Figure 5.4d) when they coexisted with chromate were 
also similar to those when they coexisted with selenate (Figure 5.4c). Overall, sulfate and 
carbonate were stronger competitors than chloride and nitrate for the removal of selenate 
and chromate by FS. Again, the two-step sorption process by FS was clearly observed for 
the removal pattern of selenate, but not for that of chromate.  
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Figure 5.4. Effects of sulfate, carbonate, nitrate and chloride on the removal of (a) selenate 
and (b) chromate by FS. The removal of sulfate and nitrate by FS when each of them 
coexisted with (c) selenate and (d) chromate. 
The reacted FS samples from the above experiments with a high concentration 
sulfate, carbonate and nitrate co-existent with selenate (Sample #6, #8 and #10 for selenate) 
or chromate (Sample #14, #16 and #18) were analyzed for XRD and results are shown in 
Figure 5.5, along with the XRD results of unreacted FS, Se-FS and Cr-FS. Apparently, 
both selenate and chromate have intercalated into the interlayer and expanded the interlayer 
spacing, resulted a lower 2 theta value. Carbonate could also intercalate into the interlayer 
along with selenate, but it did not further expand the interlayer spacing.112 Since sulfate 
was greatly removed by FS and it hindered the removal of selenate, the peak of the FS 
sample exposed to both selenate and sulfate shifted by a little because the size of sulfate (r 
= 0.242 nm) is smaller than that of selenate (r = 0.256).201 Nitrate didn not affect the 





Figure 5.5. XRD patterns of reacted FS samples affected by sulfate, carbonate and nitrate 
from the sorption tests on (a) selenate and (b) chromate.  
5.4.5 Effects of different anions on the desorption of selenate and chromate 
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Selenate- and chromate-substituted FS, named Se-FS and Cr-FS, were applied for 
the desorption test. Se-FS and Cr-FS were prepared as Samples #2 and #3 in Table 5.1. In 
the desorption test, each 0.10 g of Se-FS and Cr-FS could release a maximum concentration 
of 15.9 mM for selenate and 10.9 mM for chromate if they were all desorbed. Table 5.2 
shows the starting concentration of each reactant in all the samples conducted in the 
desorption test. 
Table 5.2. The starting concentration of each reactant in all the samples related to the study 
on the effects of different anions on the desorption of selenate and chromate from Se-FS 

















1 10      
2  10     
3,4 10  8.7, 17.4    
5,6 10   8.7, 17.4   
7,8 10    17.4, 34.8  
9,10 10     17.4, 34.8 
11,12  10 8.7, 17.4    
13,14  10  8.7, 17.4   
15,16  10   17.4, 34.8  
17,18  10    17.4, 34.8 
*The molecular weight of Se-FS and Cr-FS should increase slightly after the anion 
exchange. However, the exact stoichiometry of Se-FS and Cr-FS could not be determined 
because the anion exchange was not 100%. 
The effects of sulfate, carbonate, nitrate and chloride on the desorption of selenate 
and chromate from Se-FS and Cr-FS are shown in Figure 5.5a-b. The desorption of selenate 
and chromate from respective Se-FS and Cr-FS without the presence of other anions are 
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also included for easy comparison. For selenate (Figure 5.6a), nitrate and chloride (17.4-
34.8 mM, Samples #7-10 in Table 5.2) had negligible effects. During the first hour, about 
16% of adsorbed selenate was rapidly desorbed. Interestingly, after the first hour, the 
selenate released previously was slowly removed again by the Se-FS. The rapid release of 
selenate during the first hour was probably mainly from the selenate remained on the 
surfaces of FS. The continues removal after the first hour indicated that the interlayer anion 
exchange was still happening, similar to the selenate removal curve shown in Figure 5.3a. 
Sulfate and carbonate (8.7-17.4 mM) enhanced the release of selenate, similar to their 
effect on selenate removal discussed above. Figure 5.6c shows the removal of sulfate and 
nitrate during the selenate desorption process. Notice that a significant amount of sulfate 
was taken up by Se-FS through anion exchange with selenate. After the first hour, it 
continued to slowly exchange selenate from the interlayer, as the selenate concentration 
slowly increased after the first hour. Nitrate concentration almost remained constant since 
it did not exchange selenate. The results of this test strongly indicated that sulfate is highly 
preferred by the FS. For the desorption of chromate from Cr-FS (Figure 5.6b), the effects 
of various anions were similar to those observed for selenate. The flat curve after the first 
hour indicated the chromate released during the first hour was not taken up by FS, 
suggesting the interlayer anion exchange had reached equilibrium. The chloride release 
during the desorption test was also monitored (Figure 5.6e-f). No matter what 
concentration and what type of anion was tested, the amount of chloride released from each 
of all the Se-FS experiments was similar to that with the Se-FS only sample (Figure 5.6e). 
Such a trend was also observed for all the Cr-FS experiments in comparison with the Cr-
FS only sample (Figure 5.6f). These results strongly indicated that chloride was released 
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from the Se-FS and Cr-FS and its release was not affected by the anions, suggesting 
chloride did not play a role in the desorption of selenate and chromate. 
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Figure 5.6. Effects of sulfate, carbonate and nitrate on the desorption of (a) selenate and 
(b) chromate. The removal of sulfate and nitrate during the desorption of (c) selenate and 
(d) chromate, and the release of chloride during the desorption of (e) selenate and (f) 
chromate. 
5.4.6 Transition from FS to stratlingite 
The transformation of FS, Se-FS and Cr-FS to stratlingite was investigated for a 
period of 3 months. The FS, Se-FS and Cr-FS samples applied in this transformation test 
were the same as those applied in the sorption and desorption tests discussed above. The 
starting concentration of each reactant is shown in Table 5.3. 
Table 5.3. The starting concentration of each reactant in all the samples related to the study 
















1 0.10   4.0   
2 0.10   4.0 17.4 17.4 
3  0.10  4.0   
4  0.10  4.0 17.4 17.4 
5   0.10 4.0   
6   0.10 4.0 17.4 17.4 
 
Previous tests on Samples #1 and #2 in Table 5.3 for a period of 30 days resulted in 
no obvious transformation from FS to stratlingite. Therefore, the reaction time for this test 
was extended to 3 months. The XRD patterns of FS in Sample #1 and #2 are shown in 
Figure 5.7. After 3 months, FS remained stable without the exposure to metasilicate and 
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aluminate. With the addition of metasilicate and aluminate, FS was converted to stratlingite 
whose characteristic peak was at 6.9º. The aluminosilicate ion, expressed as 
[AlSi(OH)8·0.25H2O]
-1, expanded the interlayer distance from 0.79 nm to 1.26 nm, thus 
shifting the peak to a lower 2 theta value.  
 
Figure 5.7. Transformation of FS to stratlingite. 
 
Transformation from Se-FS and Cr-FS to stratlingite (Samples #3-6 in Table 5.3) 
was also tested for a period of 3 months. The selenate and chromate concentrations during 
the transformation test were monitored at each month. As mentioned earlier, at this 
experimental condition, the maximum concentration of selenate and chromate could be 
released by Se-FS and Cr-FS was 15.9 mM and 10.9 mM, respectively, if complete 
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desorption occurred. Table 5.4 shows the concentration of selenate and chromate released 
by Se-FS and Cr-FS during the transformation test for Samples #3-6 in Table 5.3. 
Table 5.4.  Concentrations of selenate and chromate released by Se-FS and Cr-FS during 
their transformation to stratlingite. 
Sample # (Se or Cr) 1 month (mM) 2 months (mM) 3 months (mM) 
3 (Se) 5.36 ± 0.10 4.08 ± 0.21 4.18 ± 0.18 
4 (Se) 8.55 ± 0.11 8.51 ± 0.09 8.57 ± 0.13 
5 (Cr) 2.58 ± 0.09 2.58 ± 0.26 2.51 ± 0.09 
6 (Cr) 3.27 ± 0.14 3.11 ± 0.08 3.06 ± 0.06 
 
As shown in Table 5.4, Se-FS released about 5.4 mM (about 34% of maximum 
possible release) of selenate after 1 month, and this concentration decreased to 4.2 mM 
after 3 months, indicating part of selenate released initially was removed again by the Se-
FS. This trend was also observed for the Se-FS sample in the desorption test. By adding 
metasilicate and aluminate (Sample #4), the concentration of selenate released by Se-FS 
increased to 8.5 mM after 1 month and remained the same afterwards, suggesting that part 
of the selenate was replaced by silicate and aluminate within 1 month and no more selenate 
was replaced afterwards. The XRD patterns of Sample #4 after each month are shown in 
Figure 5.8a. Stratlingite was not observed during the first 2 months, but a small peak of 
stratlingite was observed after 3 months, suggesting the formation of aluminosilicate was 
a very slow process. Meanwhile, as the selenate concentration in Sample #4 remained at 
8.5 mM, it was still only 53% of the theoretical maximum concentration of 15.9 mM if all 
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the selenate was released. Therefore, the transformation from Se-FS to stratlingite only 
caused partial desorption of selenate. The aluminosilicate ion increased the interlayer 
distance and created the space for other anions to intercalate. Once there were multiples 
types of anions existing inside the interlayers of the AFm phase, the structure became less 
crystalline and the XRD peak became weaker and broader. This also explains why the peak 
of as-prepared FS was much higher and sharper than the other peaks which correspond to 
the reacted FS samples.  
For Cr-FS, about 2.6 mM (about 24% of the maximum possible desorption) of 
chromate was released after 1 month and remained the same afterwards (Sample #5). By 
adding metasilicate and aluminate (Sample #6), the concentration of chromate released by 
Cr-FS increased slightly to 3.3 mM after 1 month and decreased slightly afterwards. The 
constant concentration of chromate in Sample #5 agrees with the result from the Cr-FS 
sample in the desorption test (Figure 5.6b). The slight increase of chromate concentration 
in Sample #6 indicated that only a small amount of chromate was replaced, suggesting that 
chromate was more stable inside the interlayer than selenate. A similar conclusion was 
made previously in the test where both selenate and chromate were removed by FS 
simultaneously (Figure 5.3a-b). Also, in the sorption and desorption tests, a slow but 
continuous removal of selenate through interlayer anion exchange was observed (Figure 
5.5a), whereas chromate concentration remained the same after the 1 hour (Figure 5.5b), 
suggesting that chromate is highly preferred inside the interlayer. The XRD patterns of 
Sample #6 after each month are shown in Figure 5.8b. Stratlingite was not observed 




Figure 5.8. Transformation of (a) Se-FS and (b) Cr-FS to stratlingite. 
5.5 CONCLUSIONS 
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The investigation of the effects of various anions on the removal of selenate and 
chromate have led to several new findings. At the same concentration with selenate or 
chromate, sulfate and carbonate exhibited stronger hindering effects than chloride and 
nitrate. Meanwhile, chromate was more favorable to be intercalated into the AFm phase of 
Friedel’s salt than selenate. Once selenate and chromate were taken up by Friedel’s salt, 
chromate-substituted Friedel’s salt was more stable than selenate-substituted Friedel’s salt. 
Transformation from Friedel’s salt to stratlingite was observed when Friedel’s salt was 
exposed to metasilicate and aluminate for a long period of 3 months. Selenate-substituted 
Friedel’s salt also transformed into stratlingite, but chromate-substituted Friedel’s salt did 
not. This transformation process did not significantly enhance the release of selenate 
because of the increased interlayer space. Based on the results of this study, applications 
using Friedel’s for selenate and chromate removal should be cautious when the water 
contains high concentrations of sulfate and carbonate. The fate of AFm phase and the 
contaminant it captured over the long term should be also considered before application.  
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CHAPTER 6. CONCLUSIONS AND RECOMMANDATIONS 
6.1 CONCLUSIONS 
The results of this study show that the proposed ZLD method can successfully 
immobilize heavy metals and halides existed in both CFA and FGD wastewater brine. S/S 
solids made with SCFA perform well without further enhancement, while the performance 
of S/S solids made with BCFA could be enhanced by two approaches: pretreating the brine 
with a reduction process using ZVI or optimizing the mineralogy in the S/S solids by 
enhancing the formation of desired phases, especially AFm phases (e.g. Friedel’s salt). 
For the first aspect of this research in enhancing the performance of the ZLD method 
using a reduction process, the investigation of the removal of heavy metals by aged ZVI in 
concentrated FGD brines demonstrated that temperature and Mg2+ are the dominant factors 
that will enhance ZVI’s reactivity for the removal of selenate, arsenate, cadmium, and 
chromate in brine matrices. At 80C, other factors such as pH, TDS, nitrate and sulfate 
become negligible, and the Mg2+ can destruct the passive layer around the aged ZVI 
particles. Once the ZVI is corroded, the formation of green rust (GR) leads to the removal 
of selenate and chromium. Although GR is not stable in oxic conditions, the high 
temperature lowers the concentration of dissolved oxygen in the brine, thus improving the 
stability of GR. The longevity of ZVI depends on how fast the Fe(0) is depleted and the 
stability of GR.  
Based on the results of this study, aged, micron-sized ZVI is an effective material for 
pretreating the hot FGD brine, and this pretreatment process can greatly enhance the overall 
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performance of the S/S process using BCFA. The reacted ZVI (with GR formation) not 
only reduces the heavy metals in the brine, but also those in the CFA when it is introduced 
into the S/S mixture.  
For the second aspect of this research in enhancing the performance of the ZLD 
method by optimizing the mineralogy of S/S solids, this study demonstrated that enhancing 
the formation of Friedel’s salt greatly reduced the leaching of contaminants (Se and 
chloride). In terms of enhancing the formation of Friedel’s salt, aluminate addition along 
with an adequate amount of lime is most important. Gypsum addition enhances the 
formation of ettringite which does not improve the retainment of chloride and Se 
significantly but will improve the retainment of boron. The addition of hot brine, extra lime 
and aluminate could make the S/S slurry drier and harden faster. Therefore, the S/S solids 
generated under such conditions may be more porous and thus have a higher leaching 
potential for the contaminants. Although the addition of quick lime provides more 
alkalinity compared to the addition of hydrated lime (due to lower molecular weight of 
quick lime under the same mass amount addition), quick lime only slightly increases the 
percentage formation of Friedel’s salt in the S/S solid, and thus has no significant impact 
on the overall contaminant leaching.  
The stability of Friedel’s salt in the S/S solids over the long-term leaching condition 
is also an important factor that needs to be considered. This study demonstrates that the 
transformation from FS to stratlingite is a possibility since the CFA can provide reactive 
silicate and aluminate which are required for this transformation to occur. Meanwhile, 
sulfate and carbonate in the matrix could compete with heavy metal oxyanions (e.g. 
selenate and chromate) for the uptake by Friedel’s salt.  
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6.2 RECOMMANDATIONS 
Based on the results of this study, aged, micron-sized ZVI is an effective material for 
treating hot FGD brine. Although the high temperature reaction condition makes this 
process energy intensive, the brine generated through thermal evaporation provides the 
high temperature condition. Hence, the ZVI treatment should be considered post 
evaporation of FGD wastewater. Magnetite as the final product could be easily removed 
magnetically to minimize the harms of heavy metals to the environment.  
This work has also clearly demonstrated the importance of mineralogy of the S/S 
solids on the retainment of contaminants such as selenium and chloride. However, another 
important factor that must be considered as well is the permeability of the solids because 
permeability could govern the stability of the minerals inside the solids and the leaching of 
those free, unbounded contaminants (e.g. excess chloride). Regarding the influence of 
permeability, our preliminary results on a selected set samples have indicated that the long-
term leaching of chloride may correlate more to the permeability of the solids, and less to 
the Friedel’s salt formation, because most of the chloride in the S/S mixture remains as free 
chloride ions due to the very high concentration of chloride from the brine. Although the 
AFm phase is capable of binding chloride, the amount of Friedel’s salt formed could only 
bind a small portion of the total chloride introduced from the brine. Meanwhile, the stability 
of the AFm phase can also affect the immobilization of the contaminants and should be 
considered. Once the S/S solids are exposed to the landfill conditions, rainwater and 
leachate may slowly penetrate the solids and the alkalinity could gradually be consumed 
or washed off. Preliminary analysis of the S/S solids generated in this study indicated a 
saturated hydraulic conductivity in the range of 10-7 to 10-9 cm/s which could be defined 
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as impervious.  The long-term leaching tests (USEPA Method 1315) conducted in this 
study covered the span of nine weeks. For S/S solids to be disposed of in the landfill for 
years, a low permeability as well as the optimized mineralogy are critical for the 
immobilization of contaminants. Therefore, further research should be conducted on how 
to reduce the permeability while maintaining the desired mineralogy of the S/S solids. 
For the applications using Friedel’s for selenate and chromate removal, the matrix of 
wastewater must be carefully evaluated, especially when the wastewater contains high 
concentration of sulfate and carbonate. The fate of AFm phase and the contaminant it 
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